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FOREWORD

For the past severai'years, NASA has been studying the ecéhomic merits of new
space transportation systems. As part of the most recent economic analyses
performed under the direction of NASA/HQ, two Payload Effects studies have con-
tributed strongly to the quantitative validity of payload éosts.

As a result of these Payload Effects studies (NAS W-2156 and NAS W-2312) over
a period of Septembér 1970 through April 1972, it has been established that
~savings in payload cost will significantly augment and far exceed the trans-

portation cost savings.

Concept point designs of low-cost and refurbishable spacecréft, subsystems, and
- modules; and detailed cost estimates thereon; have revealed payload program
savings up to 50% of the historical baseline program. Further point designs
and costing of standard space hardware; standard subsystem modules, standard '
spacecraft, and cluster spacecraft; indicated (1) further savings are poSsible
and (2) specific opefational advantages are attainable with the Shuttle that

were hitherto unattainable with conventional launch vehicles.

Now that the Shuttle has been determined to be economicalLy desirable, it is
necessary to implement the low-cost payload designs not only to obtain the
economic benefits, but to insure that proper interfaces with the Shuttle system

~are planned and designed in parallel with the Shuttle development.

Space program managers and planners and payload designers now have the oppor-
tunity to initiate the "Payload Revolution", and thus (1) expand the scope and
accomplishments of their programs and/or (2) assure the retention of their pro-
grams under the future austere funding constraints by offering lower-cost pay-

loads to accomplish the required missions.

' LOCKHEED MISSILES & SPACE COMPANY
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This document, "Design Guide for Low-Cost Standardized Payloads", presents guide-
lines for the design of low-cost and refurbishable payloads, and defines a method-
ology for the design of standardized space hardware. The concepts presented may
appear to some to be revolutionary and controversial; however, because of the po-
tential benefits of their application, they deserve the careful consideration of
all who are vitally interested in the vigorous continuation of space programs in

the late 1970's and beyond.
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DEFINITION OF TERMS

Many of‘the terms used herein have various connotations within the Aerospace

community. Therefore, as a guide, some of the basic terms are defined below.

PAYT0AD describes collectively: (1) the payload; (2) the payload/
SYSTEM Shuttle adapters, and any deployment or separation devices
~ required to effect a separation of the payload from the
launch vehicle; (3) payload ground support equipment;
(%) payload flight support equipment including spare module
support racks, payload checkout equipment; and special pay-
load umbilicals.

PAYTLOAD the total operating entity, such as a satellite, that is
' launched into orbit by the Shuttle; it comprises spacecraft
and experiments but excludes Shuttle related elements - such
as platforms or adapters - that are non-functional relevant
- to the orbiting satellite.

BASELINE ~ a current unmanned payload used to provide a basis for the

PAYT.OAD ~development of low-cost or standard payloads and for cost
comparisons . ' .

LOW-COST A payload designed for launch by the Space Shuttle or by a

PAYLOAD future large-expendable launch vehicle. Such s payload is

designed (1) without the traditional costly constraints on
weight and volume, and (2) for in-orbit repair or refur-

bishment.
SUBSYSTEM A major functional group of equipment which is essential
- = - - to the operation of a spacecraft. Spacecraft subsystems
include: :

® Structures & Mechanisms

® Electrical Power

e Stabilization & Control

® Attitude Control

® Communications, Data Processing & Instrumentation
® Environmental Control

® Propulsion

vii
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an assembly such as a star tracker, transmitter, or similar.
Components are assemblies of parts.

a piece of hardware, a quantity of which are assembled into
a single component; examples are: transistor, lens, shaft,
etc.

a major spacecraft subsystem (stebilization and control; com-
munication, data processing, and instrumentation; electrical
power; attitude control) designed for application to & signi-
ficant number of mission-peculiar or standard spacecraft.

a plug-in assembly of components forming a major segment of a
standard subsystem, and having standard mechanical, electri-
cal, and thermal interfaces.

a standard subsystem module modified by the addition, dele-
tion, or substitution of a single component.

a small quantity of different types of spacecraft incorpor-
ating standard subsystem modules, each type capable of re-
placing a significant number of the mission-peculiar space-
craft defined in the NASA mission model. The spaceframe,
integral wiring harnesses, and thermal control elements of
each standard spacecraft type are standardized.

a spacecraft incorporating stendard subsystem modules and
capable of supporting concurrently the experiment/sensor
packages of several of the missions defined by the NASA

Mission Model.

" the probability that a system, subsystem, component, or part

will satisfactorily perform its intended function without
catastrophic failure for a prescribed period of time, within
a prescribed environment.

the probability that the reliability figure-of-merit predic-

- ted for a system, subsystem, component, or part is correct.

an action teken to restore a failed system to an operating
state. The action may be scheduled or unscheduled, and con-
sists of:

® Diagnosis of the failure condition

® Removal of the failed system element

® Replacement of the failed element with a similar element
in operating condition

® Checkout of the system post-meintenance to assure proper
operation within prescribed limits.

viii
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PARTTAL A maintenance action expected to prevent future failure. In
REFURBISHMENT this study it is assumed that when a repair visit to the sys-

- tem becomes necessary to repair a failed system element,

. other system elements which have not yét-failed will be ap-
proaching their theoretical point of first failure. These
latter elements will be removed also and replaced as assur-
ance that the system will be protected against failures oc-
curring soon after a repair visit. '

FULL A maintenance action (analogical to a complete overhaul) oc-
REFURB ISHMENT curring shortly prior to, or at the theoretical MMD point of
‘the system, where MMD denotes the useful operating life ter-
minal point as dictated by the limits of the design. The ac-
. tion consists of removal and replacement of all dynamic sys-
tem elements, whether or not they have exhibited failure.
Following full refurbishment, the spacecraft is assumed to
be in the "as new" state and capable of operating another
- period equal to the spacecraft MMD.

' MAINTENANCE - The hardware level at which maintenance action takes place.

LEVEL Since the systems in question are modulsrized at the subsys-~
(SPACECRAFT) tem level, all maintenance actions are confined to removal

and replacement of the module, or modules exhibiting failure,
or approaching a theoretical failure point.

MAINTENANCE That period of elapsed time between any one maintenance action

INTERVAL and the next, as scheduled in the overall maintenance program.
The interval is predicated upon expectable wearout rates, and
expected failure incidence. '

ix
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Section 1
INTRODUCTION

This document, "Design Guide for Low-Cost Standardized Payloéds*", has been
brepared by Lockheed Missiles &.Sbace Company, Inc., Spade Systems Division,
as part of the total effort under NASA Contract NAS W-2312, covering the Pay-
' load'Effects Follow-On Study. The specific effort for thé Design Guide was
identified as Task'l.9; The following paragraphs provide s brief background
of the Payload Effects studies and reference associated reports.

“

1.1 The Overall Objective

NASA/HQ; in its implementation of the Payload Effects studies, esfablished}the
basic objectives df désigning some typical future payloads and determining their
operational and cdsf impacts upon the Space Program in the Space Shuttle era,
beginning in 1979.

1.2 Initial Payload Effects Study and Design Guide

The first Payload Effects study was completed by IMSC in June, 1971. The re-
sults were documented in & Final Report, LMSC-A990556,“dtd 30 June 1971.

Three historical payloads were redesigned to:

a. Incorporate low-cost features, including many resulting from relaxation
of design weight and volume constraints (use of Space Shuttle or new~
large-expendable launch vehicles provides significantly increased

weight and vdlume capability for payloads)

* The word "Payload" as used in this document, refers to a flight vehicle,
usually comprising a spacecraft and an experiment/sensor package, which is
carried to orbit in the cargo bay of the Space Shuttle. For additional def-
initions, consult the "Definition of Terms".

1-1
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b. Incorporate modular equipment packaging to allow on-orbit replacement
(for repair, refurbishment, or update) of spacecraft or experiment
modules either by an astronaut in EVA or by remotely-controlled auto-

mated devices such as manipulators or teleoperators.

The three low-cost refurbishable payloads for which new designs were created

were :
Paxload Cognizant Agency
® Orbiting Astronomical Observatory (OAO) NASA/Goddard (Grumman )
® Synchronous Equatorial Orbiter (SEQ)* NASA/lengley (Boeing)
® Small Research Satellite USAF (IMSC)

The derivation of these designs, the program costs therefore, and the economic
impact analyses are described in the Final Report, IMSC-A990556.

The low-cost design approaches applied are described in detail in the document,
IMSC-A990558, dtd 30 June 1971, "Design Guide for Space Shuttle Low-Cost Pay-

loads".

1.3 Follow-On Payload Effects Study

The results of the initial study effort indicated a dramatic impact of payloads
upon the 1979 and beyond space program. In fact, it appeared that unless pay-
load savings could be implemented (by use of low-cost payload design/manufac-
turing/testing techniques and by refurbishment/reuse of payloads), the Shuttle
program would not be economically feasible. For this reason, a follow-on study
was sponsored by NASA/HQ, with co-direction from two directorates, OSSA and
OMSF.

* Modified design using Iunar Orbiter baseline design.
1-2
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The new study had the-following principal objectives:

® (Create addltional point designs of future spacecraft, incorporating not
only features of low-cost and refurbishability, but also establishing

upaCecraIt hardware standardization at three levels :

(1) Standard Subsystems and Modules
(2) Standard Spacecraft
(3) "Cluster Spacecraft

® Prepare program plans and cost estimates for the low-cost standardized
spacecraft hardware and establish dollar savings related to baseline

(tradltional design) payload programs.

® Determine effect of the new payload designs upon‘the Space Shuttle
system and the constraints which the Shuttle (in its current configura-
tion) might place upon full realization of future payload cost reduction

potential.

® Prepare a Designers Guide (as a sequel to the initial document mentioned |
in para. l.2),_updating the principles of low-cost payload design for
Space Shuttle application and providing additionsal methodology for de-

sign and application of standard hardware to future spacecraft

1.4 The Updated Design Guide

This document is the result of effort on the last item listed above. It summar-
izes the economic impact of low-cost, standardized spacecraft and provides spe-
cial information pertinent to implementation of the critically-needed payload

cost-reduction principles.

. The data has been prepared for use not.alone by project engineers and designers,
but also by mission planners, program managers, and-all others who bear the re-

sponsibility for implementing the required cost-effective payload programs of

- the future.

* Definitions are provided elsewhere in the document.

1-3
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Section 2
CONTENT AND USAGE OF GUIDE

2.1 . Content of Design Guide

The objective of this document is to communicate to space.pfogram managers,

mission planners, designers, engineers, and scientists:

(1)

(2)

(3)

(%)

¢

Basic relationships between future payload designs énd program
cost effects (Section 3) -

Special impact of mission commonalization and spacé hardware

standardization (Section 4)

Methods for bptimizing spacecraft design life, reliability,

repair/refurbishment (Section 5)

Specific concepts for designing low-cost, refurbishable, and

standard spacecraft and subsystems (Sections 6 and T)

2.2 rApplication to Pre-Shuttle Payloads

Although emphasis has been placed upon application of spéciai design techniques

for Shuttle-carried payloads, most of the principles presented can also be ap-

plied with success'to'near—future expendable and booster-launched spacecraft.

a.

Tradeoffs indicate clearly that many of the larger and/or more costly
spacecraft, when désigned with low-cost principies (and therefore larger
and heavier), can be launched on a larger and more expensive launch
vehicle wifh a significant het dollar saving (lower payload cost out-

weighs increased launch vehicle cost).

Application of low-density module approach to spacecraft equipment pack-
aging will éignificantly reduce bench assembly, final assémbly, and test-
ing costs and allow rapid rémoval/replacement for field repair prior to

launch.
2-1
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2.3 Application to Shuttle Payloads

The total NASA/USAF Mission Model, which lists all the Space Shuttle traffic

for the 1979-1990 time period, includes several types of .payloads which will
be carried by the Shuttle. Principal categories are:

a. Unmanned Programs

® Farth Satellites
® Planetary Orbiters
® Space Probes

¢ Propulsion Stages or Tugs

b. Manned Programs

e Capsules/Platforms for Shuttle-Sortie Missions
® logistic Supply Capsules for Man Support

® Tlarge Experiment Modules

® Space Station Segments

The payload principles discussed herein were developed primarily for unmanned
satellites and planetary orbiters. However, the low-cost and standardization
premises presented are applicable in a general sense to all unmanned payloads

and to certain of the manned -program payloads.

2.4 Emphasis on General Principles

Although quantitative data is provided, this document is not intended as a de-
sign handbook to instruct designers in detail hardware design and analysis.

Rather, it provides general guides by which cost-effective payloads can be de-

rived and implemented.

2.5 Division of Data into Two Volumes

To allow inclusion of a considerable amount of future payload design reference
data without burdening the casual reader/user with many pages of detail, the

Design Guide has been divided into two volumes :

2-2
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Volume I - Basic Design Guide
Volume II - A collection of Engineering Memos describing the
' detail point designs of low-cost standard space-
craft and subsystems/modules thereof.

Figure 2-1 is a tabulation of these IMSC memos.

o
g g2a%
o o u P
Type : D § 5 505 — o
Hardware Application T D 89 898 8- ) b
, : S ~ 5 o5& e 0
8% | 5% |8%%]| 8« |28 | 3
of | 58 |Egal 3¢ |28 | B
~ el os ~ O £ 0 &
Y= w0 o3 O A3 A < O Ay
Standard EOS PE-106 | PE-102 | PE-103 | PE-104 | PE-105] -
| Subsystems COMSAT PE-126 | PE-122 | PE-123 | PE-124 | PE-125| =~
Planetary - - PE-133 - - PE-137
Standard EOS PE-156 - - - - -
Spacecraft LACS PE-146 - - Co- - -
COMSAT PE-126 - - T -
Cluster CLEOS PE-166 - - - - -
Spacecraft CLAOS PE-186 - 1 - - ] - - .
EOS = Earth Observatory Satellite
COMSAT = Communication Satellite :
LACS = Large.Astronomical Observatory Spacecraft ' -
CIEOS = Cluster Earth Observatory Spacecraft o
CLAOS = Cluster Astronomical Observatory Spacecraft

Fig. 2-1 Tabulation of Engineerihg Memos

2-3
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Section 3
GENERAL RELATIONSHIP'OF PAYT.OAD APPROACHES TO PROGRAM COSTS:

3.1 Typical Program Cost Breakdown

It is important to 1dent1fy all’ payload related program costs to 1nsure that
none are omitted when cost-effectlveness tradeoffs are performed 1n the plannlng B

of a space program. The pr1nc1pal cost categorles are:

° Research Development Test and Evaluation (RDTRE)
® Unit Recurring (also referred to as Investment)

e Operations (a recurring cost)

These cost categories are broken down into sub-elements in Fig. 3-1.

¢ PROGRAM MANAGEMENT.

© DESIGN/ENGINEERING

¢ DEVELOPMENT/QUAL HARDWARE

& TEST EQUIPMENT

© DEVELOPMENT/QUAL TEST

© GROUND HANDLING EQUIPMENT

® CHECKOUT EQUIPMENT

e TOOLING & SPECIAL TEST EQU! PMENT

o FACILITIES
e MATERIAL
o PURCHASED EQUIPMENT L 0
AND PARTS ¢ CHECKOUT
o SUBCONTRACT EQUIP- _ -1 - & LAUNCH OPS
MENT - RECURRING o FLIGHT.OPS -
¢ MANUFACTURING . OPERATIONS o FLIGHT DATA
© PRODUCT ASSURANCE o ACQUISITION
® ACCEPTANCE TESTING @ FLIGHT DATA .
o GSE & TOOLING . ANALYSIS -
MAINTENANCE ¢ TRANSPORTATION

o SUSTAINING ENGINEERING

Fig. 3-1 Breakdown of Space Program Costs

3-1
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3.2 Relative Effect of RDT&E and Recurring -Cost Savings

3.2.1 Discounted $ Effects

In making cost tradeoffs to determine which bf alternative designs to select,
situations occur in which lower costs may be obtained in either RDT&E or in
recurring costs (or in both). If there is an option between otherwise essen-
.tially equal choices, it is usually better to select the approach which re-
sults in higher dollar saving in RDT&E. Most comparative economic analyses

of funding and benefits for long term projects are now based upon a discount-
ing principle wherein an allowance is made for the time-dependency of the value
of money. Utilizing compound interest principles, benefits derived several
years in the future must be discounted to the same period of time that the ex-
penditures are incurred in order to evaluate the costs and the benefits by the
same "yardstick". Thus, savings in the RDT&E spending usually precede other
expenditures by several years. However, if the time interval between the ex~
penditure and the benefit is small (such as might be the case for high-volume

assembly line techniques), the inverse might be true.

3.2.2 Influence of Unit Recurring Cost on RDT&E Costs

For typical development and qualification test programs, even at the reduced-
level planned for low-cost payloads, up to 1.5 equivalent payloads (varies de-
pending on complexity of payload) are used as test hardware. These costs are
part of the RDI&E total for testing. This fact indicates that multiple savings
can be accomplished by reduction of payload unit recurring cost; a saving in both
unit cost and RDT&E will result. The aforementioned discounting (par. 3.2.1)

provides additional savings in the portion of cost allocatable to RDT&E.

3.3 Impact of Payload Design on Program Costs

Payload design at all levels; system, subsystem, component, or part; significant-
ly affects all categories of program costs. Payload managers and designers must
consider the cost impact of all design decisions if brogram costs are to be min-
imized. This requires an awareness of the cost consequences of these decisions;

an awareness that will arise only through study of the design-cost relationships.

3-2
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There are a large number of potential payload cost-reduction areas which come
into being as a result of using the Space Shuttle. These have been reduced to

a reasonably brief list as shown on Fig. 3-2 and are discuésed in subsequent
sections. The "X" entered in each block indicates to which cost categories each
cost reduction approach is applicable. This basic form;.or a similar one, can
be used as.an initial checklist to determine if all'cost-réduction possibilities

are beiﬁg pursued in the design of a particular payload.

RDTS&E Prog:(tzion Operations
N N PUR PR I . v . [ )
RS R ER E R NP R
”q&’é&ﬁ&"‘m’ "8‘8'5”8 el =] -0 -0 I - E’J\d
ElS|lxflzdas | Bl63 2] dlcddlel2|d|alEdRs
Simplified Contract/Document Requirements| X {X |X X x| x| x!{x]Xx
?Li::t:gﬁisgr;ﬁguration Management xlx Ix X X X X X X
Use Proven ‘Dechhology-Off Shelf Hdwe. X X X X
Use Low-Cost Materials X X X X X X X
Decrease Stress Level on Parts X X X| X X)X
Use Lower-Quality Parts X X X X X XXX | xtx|x .
Increase Structure Safety Margin X | X XX X X X1 X1 X| X|X X
Conomots aintenance) x x| xix IR SRR RS EN b
Increase Volume of Packages X X X{X
Increase Hardware Wei_ght Allowance X X X X X X
Simplify/Modularize Hardware X | X XX X XX} XX X
Simplify/Reduce Ground Testing X{X | X | X XX X
Use Orbit Maintenance/Refurb. & Reuse XX |X | X XrX Xt XX X| X X | X
Employ Standard Hardware X[X |X |X XX X X X1 X X l1x
Use Pre-Deployment Orbit Checkout X | X X|X X X X |x

~Fig. 3-2 Potential Cost Reduction Areas

Specific approachés'to and. guidelines for low-cost payload system design, to-
gether with descriptions of the impact upon cdsts, are provided in Section 6 of

this Design Guide.

Similar datae on the cost impact of spacecraft hardware standardization upon pro-

gram costs are provided in Section T.
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3.4 General Impact on Refurbishment and Reuse on Payload Program Cost

Section 5 of the Design Guide provides considerable discussion on the effects

of payload reliability, payload design life, and degree of repair/refurbishment
(and combinations thereof) upon payload program costs. The following paragraphs
are provided as an over-view, pointing out the significant cost-impact features
of typical payload programs employing refurbishment/reuse in lieu of expendable

payloads.

3.4.1 Design of Refurbishable Hardware

As explained in par. 6.2.9, spacecraft hardware must be modularized to allow
for in-orbit replacement of equipment modules. Typical examples of these mod-
ules and the accepting spacecraft are described in paragraphs 7.1.5 and 7.4.2.
The subassemblies and components within the modules must also be designed to
allow ease of refurbiéhment in field depots when the used/failed modules are

returned to earth by the Shuttle.

Careful design of the spacecraft, modules, components, and parts for ease of
refurbishment will add very little, if any, to the design and development costs

for a spacecraft.

The production costs (unit recurring) for the refurbisheble hardware will be

lower for the following reasons:

¢ Simple bench assembly and testing of components and modules can
be accomplished

® Subsystems can be pre-tested prior to spaceframe installation by
interconnecting a group of modules

® Components or parts can be readily inspected or'réplaced if mal-
function occurs

Final assembly of subsystems into spaceframe is grossly simplified
(modules on slide-in rails).

In summary, it is desirable from both a cost and operational standpoint to mod-
ularize the spacecraft equipment, even on expendable payloads. The only minor

penalty for incorporating full refurbishability is the addition of support rails
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and latches (in iieu of bolt-down fittings) to attach the modules into the

spaceframe.

3.4.2 Benefits of On-Orbit Spacecraft Refurbishment

Once the spacecraft modules have been designed for on-orbit replacement, two

specific benefits accrue:

3.4.2.1 Repair of Launch/Ascent Failures. A significant:percentage of all
historiéal spacecraft failures have occurred in the launeh/ascent phase (this

is discussed in detail in par. 5.2.4). During the initial payload.placement

the Shuttle can carry a set of spare spacecraft modules to orbit with the pay-
‘load. A checkout of the payload prior to orbit deployment (using on-board
checkout set) will reveal any failures which have occurred during the rigorous
launch/ascent phase. The defective modules can be replaCed using on-board Tele-
'operator or manipulators (or EVA as backup), the checkout can be repeated and.
the payload deployed. This basic approach will save millions of dollars by es-
sentially reducing to zero payload losses resﬁlting from iaunch/ascent and early-

operation in orbit.

3 4.2.2 Cycling of Modules in Lieu of Payloads. One of'the concepts of payload

' refurblshment involves delivery of a replacement payload to orbit and retrieving
and returnlng the used/failed payload to earth for refurbishiment. This approach

provides the maximum-pos31ble workload upon the Shuttle and Space Tug.

An improved concept developed by IMSC provides for payload refurbishment to be
accomplished in orbit and only the modules to be returned to earth for refurbish-
ment/reuse cycling. This module-cycling approach is particularly beneficial in
refurbishment of payloads in Syneq orbit because of the limited capability of the
Space Tug to deliver and retrieve complete payloads. It also allows multiple-

payload refurbishment in low-eafth orbit on single Shuttle flights.

The cost savings resulting from earth- orblt earth module- cyclmg in lieu of
payload-cycling are qulte 51gn1flcant representing large multlples of the $10.5

million per Shuttle flight. The quantltatlve cost savings data presented in
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Section 4 do not include the full cost benefits of multi-mission refurbishments;
however, the effects of refurbishment in orbit of both Syneq orbit and IEO pay-

loads have been included.

Performence analyses to date indicate that refurbishment of multiple payloads

is feasible:

® A single Shuttle flight carrying replacement modules can revisit and
refurbish three or more payloads in a low-earth common orbit. (1t
is not feasible to deliver the replacement payloads to orbit and re-
turn the spent payloads to earth with a single Shuttle flight).

® A pair of Shuttle flights combined with a Tandem Tug launch from IEO
can deliver replacement modules and perform refurbishment in Syneq
orbit of two or more payloads, thus averaging one Shuttle/Tug flight
per payload refurbishment. (A single Shuttle/Tug cannot deliver to
Syneq orbit and return to earth a typical future payload.)

3.4.3 Benefits of Ground Refurbishment

The used/failed modules returned from orbit by the Shuttle can be processed
through a ground refurbishment cycle and restored to their initial or "new"
function and life expectancy. - The cost savings resulting from this hardware

cycling can be very significant.

In actual design analyses performed on typical payload subsystem modules, the
ratio of refurbishment cost to the cost of a new replacement module has varied
from as low as 9% to as high as 60%; a weighted average is about 20%. This
means that there is a potential of 80% average cost saving in the payload hard-
ware cost for each refurbishment. The transportation cost for placing & new
payload or revisiting the orbiting payload for orbit-refurbishment could be
approximately the.samé. However, the cost advantage is biased toward the re-
furbishment because (as mentioned previously) round-tripping a set of replace-
ment modules to orbit costs less on the average than round-tripping the total

payload.

The summary results of cost analyses for 45 NASA plus non-NASA missions for the
1979-1990 time period are shown in Fig. 3-3. Of the total payload savings of
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$5.987 billion, refurbishment/reuse of payload modules accounted for $2.377

billion. The other part of the savings was the result of low-cost design ap-

proaches used in the payload programs.

$ Million
Cost .
Element Baseline Low-Cost Savings
: Expendable | Refurbished Total Low- Re-

Payloads Payloads v Cost furb -
Payload $ 16169 M | $ 10182 M |$ 5987 |$ 3610 [$ 2377
Pransportation 3608 * hhob (-796) (-398) (~399)
Total Program $197TTT M | $ 14586 M [$ 5191 ($ 3212 | 1978

Fig. 3-3 Cost Comparison - Low-Cost/Refurbished Payloads

3.5 Qeneral Impact of Standardized Hardware on Payload Prégram Costs

The cost impact of standardized hardware has been analyzed at three different

levels of implementation:

a. Standard Subéystems - applied to mission-peculiér'spacecraft

b. Multi-Missibn Standard Spacecraft - replacing single mission-
peculiar spacecraft S

c¢. Cluster Spacecraft - replacing groups of mission-peculiar
spacecraft :

Section 7 includes a detailed presentation of the standard'hardware concepts
and examples of typical design approacheé. Section 4 provides a description
of the types and amounts of cost reduction attainable with standard hardware.

The following paragraphs provide a brief over-view of the cost impacts.

3.5.1 Standard Subsystems

Standard Subsystems have been applied to all missions of the NASA Mission Model

except missions béyond the orbit of Mars.
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The standardization of this large and variable amount of spacecraft hardware
will result in very important cost savings, primarily in the RDT&E phase of
programs. Because RDT&E costs of standard hardware may be shared by many pro-
grams, the burden of RDT&E costs is reduced for each program and in total.
Also, the Government will realize significant savings in overall space program
operations costs as a result of reducing the total variety and inventory of

spacecraft hardware.

Historically, it was believed that the provision of & limited inventory of
standard subsystems méy lead to "overkill" of spacecraft réquirements; for ex-
ample, the substitution of a standard subsystem may provide caﬁ&bility in ex-
cess of that provided by a mission-peculiar subsystem, and thus increase the
unit recurring cost of the spacecraft. To minimize this potential cost penalty,
subsystems have been standsrdized at the module level (two or more modules per
subsystem). Variants of basic modules may also be obtained by the simple addi-
tion, deletion, or substitution of standard plug-in components within the mod-

ule.

In addition, analyses have shown that the savings to be realized through the
sharing of subsystem RDT&E costs greatly exceed the minor cost penalties of
"overkill". In summary, the net savings due to stendardization of subsystems

are significant and should be pursued.

3.5.2 Standard Spacecraft

Additionsal cost-savings may be realized by the use of a small number of differ-
ent Standard Spacecraft to perform most of the space missions. Such Standard
Spacecraft incorpofate Standard Subsystems. Major cost savings can be realized
in spacecraft-level RDT&E (spaceframe, integral wiring, etc.) systems integra-
tion, and operations costs; as compared to the costs of performing the same

missions with totally program-peculiar spacecraft.
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3.5.3 Cluster Spacecraft

Cluster Spacecraft, in particular one designed to pefform earth-observation
missions in low-earth orbits, can reduce the number of spacecraft required in

orbit, thus reducing the total costs of spacecraft procureméht, transportation

and in-orbit maintenance.

3-9

LOCKHEED MISSILES & SPACE COMPANY



IMSC-D154696
Volume I

Section 4

COST REDUCI'IONS AFFORDED BY LOW-COST STANDARDiZED PAYLOADS

In addition to those payload program cost reductions available through imple-
mentation of low-cost payload designs and refurbishment/reuse of payload hard-
ware (discussed in Section 3), there is a large array of further cost savings

made possible by standardization of future payload program elements.

Becausé of the common objective, a cost-effective space program, principles of
standardization should not be implemented without inclusion of the corollary
low-cost, refurbishable payload characteristics. This section of the Design
Guide therefore addfesses composite cost reductions, with'referenée occasionally

to those attributable to standardization alone.
Two different areas of cost reductions are discussed in this section:

(1) Cost Savings Resulting from "Standardized" Missions

(2) Cost Savings Potential in Standard Space Hardware

“ The data presented will offer a brief explanation of thé nature of the cost re-
duction, its deriVation, and typical quantitative cost data to illustrate the
“magnitude of the'pdtential savings. The cost data provided in this section has
been derived from the separate IMSC report "Cost Impact of Low-Cost Standard

Space Hardware" dtd 29 February 1972.

k,1 -Cost Reduction by Mission Commonalization

One of the initial steps in applying space program standardization is to eval-
uate the potential of combining mutually—compatiblevmissions. A total step

process might include:

a. Consolidation of Orbits

b. Combination of Mission Experiments on Multi-Purpose Spacecraftv
b3
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Implementation of these approaches would result in space transportation savings.

The following paragraphs offer specific rationale for the cost reduction.

b.1.1 Consolidation of Orbits

4.1.1.1 Low-Earth Orbit Missions. In separate analyses, it has been demon-

strated that many low-earth orbit (LEO) missions listed in the NASA mission
model currently planned for various altitudes and inclinations, can be consol-

idated into two basic groups and three specific orbits:

(1) 600 km, 30° inclination

(2) 500 km, 97.4° inclination sun~-synchronous

a. Dawn-Dusk
b. Noon-Midnight

The candidate missions for consolidation are listed on Fig. 4-1. Some of the

missions cannot be relocated to the common orbits and are listed as "not com-
binable."

hi1.1.2 Syneq Orbit Missions. These missions are, by description,in a common

orbit. 1In fact, because of preferred ground targets and ground stations, the

separate missions will probably be competing for specific preferred points in
the orbit plane.

k1.2 Experiment Cbmbinations on Multi-Purpose Spacecraft

h.1.2.1 1EO Missions. Although commonalization of mission orbits offers some
direct transportation cost savings (explained in par. h.l.3), the next logical
step can be made. This involves the combination of experiments from two or
more missions upon a multi-purpose spacecraft. The only requirement is that
experiment packages so combined be compatible relative to target pointing.
Tangible examples of the extreme of this approach are described in sub-gection
7.5.5 as "Cluster Spacecraft."” The payload cost savings accruing with use of
the Cluster Spacecraft are provided in par. 4.2.3 following.

1
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Composite Mission Baseline Missions
Comb. i :
6\(';,;) Incl. grrnb;t Fliln:ng Mission Name o (Q:\:t.) Incl.
1 Astronomy Explorer A 500 28.5°
6 0S0 - 650 > 303
0 _ 13 HEAQ-C 650 8.5
A |60 X% 5| LT 0| 285
: 17 LSO . 650 30
» 4 19 RO _650 X0
: - 21 Polar EOS 930 990 SS
' 97. 49 Noon/ 25 TIROS ' 1300 1010 SS
B | 500 S'S Mid- 26 | Polar ERS 930 990 SS
night 75 TOS Met, 1300 1010 SS
: 11 Polar ERS - 930 999 SS
c | so0 |9-%0 [ Dawnl |26 Polar ERS . 930 990 S|
SS | Dusk 17 Polar ERS ‘ 930 990 SS
3 Magnetosphere - Low : 3520/ 28.50 -
' o 260 | 900
Not =~ I3 GravityRelativity — 93| 907
- Combinable 73 Earth Physics 740 | 900
- 30 Small ATS 5550/ | 90°
555
R Co-op ATS '

Fig. 4-1 Candidates for LEO Mission Combinations

4.,1.2.2 Syneq Orbit Missions. The combination of twd"of'more mission-
experiment sets upon a single Syneq spacecraft is perha.i)‘sl more attractive than
- for LEO missions. . The combination would eliminate some Qf “the aforementioned
competition for desirable points in the orbit. Also, because most of the Syneq
missions require earth-pointing, a single spacecraft can more readily support a

- multi-mission assignment in Syneq orbit.

Although no point designs forAa Syneq Cluster Spacecraft have been developed,
the concept is totally feasible. '
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4.1.3 Transportation Sharing

The principal cost-saving resulting from mission commonalizstion accrues from
the reduction of space transportation costs. The three areas from which these

lower costs will be derived are discussed in the followihg paraéraphs.

4.1.3.1 Multi-Payload Placement. With payloads planned for placement into a

common orbit, it is possible to schedule the Shuttle launches so that two or
more payloads can be placed using a single Shuttle flight. This will directly
reduce the Shuttlé ﬁsage cost allocated to each mission (one Shuttle flight
costs $7.3 million; a Space Tug flight costs $0.6 million additional).

a. LEO Placement

Analyses have indicated that sufficient maneuvering capability exists in the

Shuttle to place up'to four payloads at different points in a common low-earth
orbit.

b. Syneq Orbit Placement

Although the placement of multiple payloads into Syneq orbit is feasible, the
combined capability of the Shuttle and Space Tug provides some constraints.
The use of tandem Tugs, however, provides sufficient capability for placement
of at least two of the large future peyloads.

4.1.3.2 Multi-Mission Revisit. In the revisit mode, the common orbit also

provides savings. The Shuttle's ability to revisit two or more payloads in

different orbits on a single flight is quite limited. The'maximum plane change
capability, for example is on the order of 4 degrees. However, with payloads
at different points in the same orbif, up to four payloads can be revisited
using a single Shuttle flight. '

4.1.3.3 Cluster Placement and Revisit. The placement of a Cluster in low-earth

orbit can be accomplished using one or two Shuttle flights (typical Cluster con-
figurations shown in par. 7.5.5). The equivalent mission-equipment mounted on

several mission-peculiar spacecraft would require additional Shuttle delivery
flights.
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In the revisit mode, the Shuttle can carry more cargo (spare spacecraft modules,
experiment update.equipment, etc.) to a single Cluster réndézvous point than to
several different points even in the same orbit plane. The Cluster, therefore,

provides the ultimate requirement for lowest-cost transportation.

4.1.4 Approximate Cost Reductions

As a single program cost influence, the commonalization of missions can provide
transportation savings approaching $1 billion for the'total 1979-1990 space
program (out of an initial total of approximately $4 billion for recurring

Shuttle costs).

The increment of tfansportation saving provided by use of the IEO Cluster in

lieu of individual mission-peculiar spacecraft is about $280 million.

4.2 Cost Reduction by Standardization of Space Payloads .

As a separate means of obtaining space program cost reduction, the various
elements of the payload hardware can be standardized. The description of ap-
“proaches used and detail of typical designs of this low-cost standardized hard-
ware is provided in Section 6 (low-cost spacecraft design) and in Section T
(Standard spacecraft.design). The following cost reduction data are provided
-in three segments: ‘

¢ Standard Subsystems and Modules g ’

e Standard Spaceccaft
& C(Cluster Spacecraft

4,2.1 Standard Subsystems and Modules

k,2.1.1 Cost Advantages. The first major step in develépment of standard

hardware approach consists of standardizing the subsystems of the collection
of mission-peculiar spacecraft and then further refining them into universal-
application standard modules. This process is thoroughly described in sub-~
_'Séction T7T.1. The following is a listing of some of the cost advantages ac-

cruing from this standardization:

-5

LOCKHEED MISSILES & SPACE COMPANY



Reduction

IMSC-D154696
Volume I

of design and development costs - one design will serve

several spacecraft rather than each requiring peculiar subsystem

designs.

Reduction

in procurement costs - parts and components may be pur-

chased in

Reduction

lerger quantities with resultant savings to programs.

in quantity and types of specifications required.

Reduction

in testing - a standardized set of tests can be pre -~

pared for

Reduction

all spacecraft using the same module types.

in manufacturing costs - fabrication facilities can be

scheduled

to make all modules of the same kind in one production

run, rather than fabricate one-of-a-kind hardware items. As a
secondary benefit, the reliability and quality of the hardware
can also be improved because longer production runs facilitate
"debugging" to eliminate production anomalies, and workmanship
skills improve with familiarity with a given set. of production
operations.

Reduction

in the costs of quality control - it is demonstrable

that more

homogeneity exists in a process containing larger

numbers of similar hardware items; process anomalies and cor-
rection will be fewer.

Reduction

in assembly time - the benefit of large batch produc-

tion is realized in consonance with standard learning curves.

Reduction

in the costs of logistics and spare parts - -

" Iead time for delivery is reduced if items are standard
rather than one-of-a-kind peculiars.

Standard modules permit ordering of batch lots of re-
placement parts and components, with purchase cost
advantages and inventory control simplification.

All modules for a given program of spacecraft can be
delivered to using facilities, and stocked on a first-
in/first-out basis.

Reduction in ground/flight operations costs - use of fewer hardware

elements for total space program will decrease training and field
maintenance costs, reduce launch operations support, and simplify
data acquisition and reduction.

Simplification of Test Fquipment and Facilities - standardization

of test equipment and facilities, allows similar logistic and spares
benefits in their regard, and simplifies the design requirements im-
posed upon such test equipment.
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4.,2,1.2 Cost Reductions with Sfandard Modules. The program costs which accrue

from the application of standard subsystem modules to mission-peculiar space-
craft for 45 NASA'plus non-NASA missions (LEO, Syneq orbit, high—énergy orbit,
and planetary missions) are tabulated in Fig. 4-2. The baseline payloads are
fully program-peculiar, of traditional design, and are launched in an expen-

dable mode.

. ¥
Cost ($ Million)
Cost _
Category Baseline Low-Cost Spacecraft | o .
Expendable Standard Subsystems &
Payload :
RDT&E $ 7038M $ 391™ $3121M
Unit (Investment) 810k o 4288 3816
Operations 1027 1253 : (-226)
Payload Total $16169M $ 9ks58M . $6T7LIM

*
For space program 1979-1990.

Flg. 4 2 Cost Comperison-Standard Subsystem Modules
(45 NASA + Non-NASA Missions) :

The savings in ﬁayload RDT&E costs alone are over $3. billion or 45% of the

- baseline cost; the overall payload program savings are $6.7 billion.

The baseline payloads are launched by "current expendabléV launch vehicles;

the total transportation cdst for the baseline case is $3.6 billion versus an
estimated $4.4 billion for the Shuttle/Tug support of the spacecraft with low-
cost, refurbishable spacecraft incorporating standard modules. A large portion
of the Shuttlé/Tug costs result from an increased quantity of flights to sup-

port the cost-saviﬁg payload refurbishment and reuse program.

The standard subsystem savings, extrapolated to the total 1979~1990 space pro-
gram, account for total payload program savings (exclusive of transportatlon

costs) of approximately $12 billion.

o7
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The aforementioﬁed savings included the composite effects of low-cost design,
spacecraft refurbishment/réuse, and standard subsystems. The isolated effect
of standard subsystem application alone is, in RDT&E costs: over $.7 billion
savings for the selected 45 missions and $1.6 billion for the total space pro-

gram.

4.,2.2 Standard Spacecraft

k,2.2.1 Cost Advantages. Supplementing the development and implementation of

standard subsystems and modules, the remaining mission-peculiar hardware ele-
ments of the spacecraft can be standardized; these include the spaceframe,
special mechanisms, integral wiring, and thermal control elements. The devel-
omment of the Standard Spacecraft concept and typical point designs are des-

cribed in sub-section T.k.

All of the cost advantages accruing to spacecraft as a result of using standard
modules also apply to the Standard Spacecraft.. In addition, there are other
cost advantages to be derived from using a Standard Spacecraft for a group of

missions. Some major cost advantages are listed:

a. RDI&E cost reduction - The separate design and development of several
different spacecraft can be replaced by a single design and develop-
ment program. Although potentially more costly than any of the
mission-peculia r spacecraft developments it replaces, the amortized
cost per mission for the Standard Spacecraft is far less costly.

b. BSpace logistics cost reduction - the spare modules to be carried to
orbit by the Shuttle for repair/refurbishment of spacecraft can be
identical for all missions supported by a single type of Standard
Spacecraftysimplifying the hardware logistics. The total quantity
of each module carried (for multi-mission revisit) can also be
fewer.

c. Total procurement spans can be reduced - all spacecraft required for
a set of missions can be procured under a single procurement sched-
ule, thereby reducing need for standby or sustaining teams (as re-
quired for intermittent procurement of several mission-peculiar
spacecraft). Delivered spacecraft can be stored for future use and
monitored periodically for operational readiness as necessary (similar
to Polaris, Saturn and Minuteman programs).

g
1

0]

LOCKHEED MISSILES & SPACE COMPANY



IMSC-D154696
Volume T

d. Payload support equipment cost reduction - a significant simplification
in ground handling, servicing, and checkout equipment can be implemented
with attendant cost savings. :

.e. Field operations cost reductions - simplification in field personnel
training and reduction of ground maintenance costs will result from
the use of a very few different basic spacecraft.

f. Shuttle interface equipment standardization - the implementation of a
small quantity of Standard Spacecraft will allow simplification and
- standardization of Shuttle interface equipment and ground/flight oper-
ating techniques; smaller Shuttle support crews and reduced quantities
of ground station personnel will be required.

k.2.2.2" Cost Reductions with Standard Spacecraft. The payload program costs

accruing from application of low-cost Standard Spacecraft to replace mission-
peculiar spacecraft for 15 low-earth orbit missions are tabulated in Fig. 4-3,
and compared to (1) the expendable payload baseline costs, and (2) the equiva-

lent 15 missions with low-cost standard subsystems.

Compared to the baseline, the Standard Spacecraft (for thesé 15 missions) will
provide a cost saving of $2.25 billion in RDT&E, $2.26 billion in Unit costs
and an overall payload program saving of $4.5 billion. Most of these savings
accrue from use -of the standard subsystems, however. The increment of addi-
tional savings accountable to the Standard Spacecraft are in the RDT&E category

and equal $400 million.

Cost ($ Million)*
Cost ~
Category Baseline | Low-Cost Low-Cost ||Savings/with

Expendable| Standard Standard Standard

Peyloads |Subsystems | Spacecraft s/c
RDT&E $36b9M | $1792M | $1392mM| $ 2257 M

Unit (Investment) LO1T 1756 1756 2061

Operations | 548 506 506 Lo
Payload Total $ 8214 M $ Losk M $ 3654 M $ 4560 M

* for space program 1979-1990

'TFig. 4-3 Cost Comparison - Standard Spacecraft
(15 IEO NASA + Non-NASA Missions)
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There 1is litfle difference in transportation cost between the standard subsys-
tem case and the Standard Spacecraft case; respectively; the recurring Shuttle
operations costs are $1.16 billion and $ .98 billion (compared to the baseline
Transportation costs of $ .89 billion).

.Although_Standard Spacecraft for missions other than low;earth orbit are fea-
sible and desirable, specific cost-savings have not as yet been estimated. The
savings would be principally in spacecraft RDT&E; & very rough extrapolation
for the total 1979-1990 space program indicates that savings approaching $1
billion could be obtained in addition to those obtainable with use of standard

subsystems.

4.2.3 Cluster Spacecraft

4.2.3.1 Cost Advantages. The use of Cluster payloads in.lieu of individusal

mission-peculiar or Standard Spacecraft is the final step in standardization
 of space hardware. The development of the Cluster Spacecraft concept and

typical point designs are described in sub-seétion T.5.°

The basic cost advantages accruing to spacecraft, as a result of (1) using
standard subsystem modules and (2) using Standard Spacecraft, also apply to
Cluster Spacecraft. In addition, there are other cost advantages to be gained
from use of Cluster Spacecraft to replace groups of separate payloads. The

major additional cost advantages are:

a. RDT&E cost reduction - because all engineering and development is
concentrated on development of one spacecraft in lieu of several
different types, cost savings will result. The cost of Cluster
development will be more than that for any mission-peculiar space-
craft, but the cost apportionment to several missions will reduce
the per-mission RDT&E.

b. Hardware investment cost reduction - & lesser variety and quantity
of subsystem modules will be required for the Cluster spacecraft
than for equivalent Standard Spacecraft.

c. Transportation cost reduction - a fewer quantity of Shuttle flights
will be required to provide repair and refurbishment to the Cluster
Spacecraft and to provide revisit to and updating of experiment
packages .

),
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d. Space logistics cost-reduction - the limited types of subsystem -
modules on the Cluster will allow consolidation and reduction of
spares required for repair.

e. Ground network cost reduction - ground-link communications from a
very few Cluster payloads will result in consolidation and standard-
ization of data transmission, collection, and processing methods
with attendant savings in persénnel and facilities.

f. Payload 'support cost reduction - replacement of several different
payloads with a single Cluster will require & minimum of different
types of GSE and will reduce ground crew training and personnel
count. :

g. Shuttle interface equipment cost reduction - the various equipment
used to support, deploy, and retrieve payloads can be consolidated
into only one or two universal-application configurations.

4,3.2.2 Cost Reduction with Cluster Spacecraft. The payload program costs

accruing from application of low-cost Cluster Spacecraft to replace mission-

peculiar spacecraft for 1l low-earth orbit missions are tabulated in Fig. h—h,
- and compared to (1) payload baseline costs and (2) the equivalent missions
with low-cost standard subsystems. Four of the 15 missions used for cost

comparisons in par. 4.2.2.2 are not applicable to the IEO Clusters.

. —
Cost Cost ($ Milllqn)
Category Baseline Low-Cost Low-Cost {|Savings/w
Expendable | Standard Cluster Cluster
Payloads | Subsystems | Spacecraft s/C
RDT&E $ 3133M $ 1h17M $ 1178M || $ 1955M
Unit (Investment) 3738 1543 1326 2412
Operations 504 Ls3 485 19
Payload Subtotal $ 7375M $ 3413M $ 2989M || $ L386M
Transportation Thl 985 540 20k
Total Program $ 8119M $ 4398M $ 3529M || $ Ls90M

¥ for space program 1979-1990

Fig. b-4 Cost Comparison-Cluster Spacecraft

(11 LEO NASA + Non-NASA Missions)

h-11
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Compared to the baseline, the Cluster Spacecraft (for 11 missions) will pro-
vide a cost saving of almost $2 billion in RDT&E, $2.4 billion in Unit costs,

and an overall payload program saving of $4.,6 billion.

Most of the savings accrue from use of standard subsystems. The increments of

additional savings allocatable to Cluster Spacecraft alone are:

Cluster Spacecraft RDTRE $ 239 million
Cluster Spacecraft Investment 217 "
Cluster Transportation 869 "
Cluster Operations ( -32) "
Total $1293 million

4.2.h Best-Mix of Standard Hardware

L.,2.4.1 Selection of Hardware. To obtain the optimum low-cost space program,

it is desirable to esteblish a "best-mix" of standard space hardware. A typi-
cal listing of 45 NASA plus non-NASA missions, with selection of standard hard-
ware approach, is shown on Fig. 4-5. The mix is comprised of 30 missions with

standard subsystems, 4 with standard spacecraft, and 11 with Cluster Spacecraft.

4.2.4.2 Cost Reduction for Best-Mix. The cost reduction and cost spreads for

the typical best-mix standard hardware applied to 45 missions is shown on Fig.

L-6.

It is apparent that the peak funding level (1980) can be reduced by approxi-
mately $1 billion; the average annual funding is reduced from about $1.75 bil-
lion per year to abéut $1 billion per year. The total savings for the 45 mis-
sions is almost $6.9 billion for the 1979-1990 time span.

The costs shown in the inset on Fig. 4-6 include Transportation costs. The
equivalent total for the standard subsystems case is $13.862 billion. The best-
mix affords an additional $953 savings of which $453 million are transportation

(Shuttle recurring operations) savings.

1. =
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Costs in Billions 1970 ¢

Belectod Beleoted

Approach QT!"S&CB
Minanton 8 Mianton & &
TR y8 e8| .8
3 8188 g 39
32134134 351342
07 vy v o wv ) wnm 6 o
1 | Astronomy Explorer ity | 28 ATS X
2 | Astronomy Explorer B X 29 | Bmall ATS-B X
‘3 { Magnetosphere-Low X 30 { Small ATS-A ﬁl
4 | Magnetoephere-Middle X 31| Coop ATS-A X
5 | Magnetosphere -Upper X 32 | Coop ATB-B £l
6| 80 # 1] 33| Medical Network X
7{ Gravity Relativity #1 3 | Educat. Broadcest x
8 [ Gravity Relativity B&D X 35 | Follow-0n Sys. Demonst. X
9 | Radio Interferometer b4 36 | TDRS X
10 | Solar Orbit Pair-A x 50 | Mars Viking X
11 | Bolar Orbit Pair-B x 2 | Venus Explorer-Orbiter b
12 | Optical Interferometer X 53 | Venus Radar Mapping X
13 | #EAO ‘# 1 || 5] Venus Explorer Lander b
15 { IST #2170 | coM3aTe be
17 | 50 # 1| 7T1|US Domestic Commun. x
19 | LRO 21| 72'| Foretgn Domeatic Commun.| X
21 | Polar EGB #2 ) 73| NAV/Traffic Control B X
22 | 8EO be T4 | NAV/Traffic Control A X
23 | Barth Physice 1 75 | TIROS Op. Met. . ¥2
24'| 8yme. Mat. X 76 | Bync. Mot. x
25 | TIROB #¥2f 77 | Polar ER T2
26 | Polar ERS g2 78|8ync. ER : X
27 | 8ymc. ER x
Fig. 4-5 Best-Mix of Standard Hardware
: (45 NASA + Non-NASA Missions)
Hardware No. Prog.{ Total § .
ST Std. 5/ 30 8.647B
sta. 8/c L 0.73
Cluster §/C 11 3.530 ]
| Best Mix Tot. L5 12,9098
o ~ Baseline L5 19.777
a -, |
/' N Savings - 6.868B
/ ~~~ v
/ N,
/ \ .
/ . Baseline (per Aerospace)
S / e
i (§av!i)§s) \\‘
{
[ \ |
. / Standard Hargware Best Mix
’ \
s b

Fig. 4-6 Cost Breakdown and Spread
for Best-Mix Standardization
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The example and costs discussed in the foregoing represents only a portion of

the total space program missions. The application of Standard Spacecraft and/

or Cluster Spacecraft to the other missions certainly is feasible.

The best-mix to be derived from a larger or different assemblage of space mis-
sions will be different from the one shown here. There is one general conclu-
sion, however: there are literally billions of dollars of cost reduction which

can be obtained by application of low-cost, refurbish&ble/reusable, and stan-

dardized spacecraft.

h-ik
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Section 5
COST-EFFECTIVE APPLICATION OF PAYLOAD RELIABILITY, MMD, REPAIR, REFURBISHMENT

To the program mahager, the project engineer, the senior space systems designer,
and others qoncerned with the provision of the maximum space payload performance
for the least expenditure of funds, the relationships existing among reliability,
maintainability, mean mission duration (MMD), confidence level, and costs are of

considerable importance.

For a space program to achieve some given level of success;'a series of comprom-
ise decisions must be made in order that the mission success required may be ‘
achieved in a cost effective manner. This section considers the means by which
~reliability, maintenance, MMD, and confidence levels may be optimized with re-
spect to program costs, and describes the subordinate fdctoré‘contributing to

the relationships among the variables. All of these major veriebles have sig-
nificant separate and combined effects upon payload RDT&E,'payload unit, and on-
orbit operations costs; therefore, each variable is discussed separately in terms
6f cost optimization, as well as in terms of its inter—relationships with the

other variables involved.

. 5.1 Cost Impact of Payload Reliability and Confidence Levelv

The implementation of the Space Shuttle will make possible.a new generatiohﬁof
payloads for which no precedent exists. These payloads will be maintainable,
whereas prior US unﬁanned payloads have been inaccessible and hence unmaintain-
able after launch. Such payloads have been termed "Expendable”, and once the

first major orbital failure occurs, the payload has little or no further utility.

The historical expendable payloads have been desigﬁed to obviate failure as far
as possible, and where failure is anticipated, each poteﬁtially failing compon-

ent is offset by another identical component using the techniques of redundancy.

5-1
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The penalty paid for redundancy is additional weight and system complexity, as
well as additional cost. In many cases, additional electrical power to support
the additional componentry also is needed. These weight-increase influences,
coupled with the limited weight and volume capability of the conventional ex-
pendable booster vehicles, forced the designer to use high-density equipment
packaging approaches. Because the densely packaged small units tended to fail
more rapidly than larger, less densely packaged hardware of similar function,
the booster weight and volume constraints resulted in costly national programs

to improve the reliability of unit parts.

The cost-aggravating historicel constraints will change markedly when the Space
Shuttle becomes available as the launch/service transportation vehicle for

space payloads; for example:

e ©Space hardware will no longer be so severely weight- and volume-
limited

® Designs will not be required to be secured against any, and all,
failures

® Space hardware liftimes without failure can be foreshortened and
the costs of high reliability can be avoided

® Spacecraft can be modularized for ease of in-space service, repair,
refurbishment

® Standard modules cen be designed for use on a series of spacecraft
so that module replacement costs can be reduced in the overall
spacecraft maintenance plan.

5.1.1 Reliability Values and Confidence Levels

5.1.1.1 Initial ASsignment of R and CL Values. Assignment of a reliability

goal and confidence level to a space program has been the responsibility of
the program manager, and will continue to be so for space programs employing
maintainable spacecraft. Customarily, the space program manager issues a re-
quirement for one or more space vehicles for which the chance of failure is
the minimum possible within the program budget and the dictates of the state-

of-the-art. He also requires the strongest possible guarantee that what is
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asked for is within the inherent design capebility of ﬁhé'vehicle. The aero-
space contractor, in résponding to the requirement, has sought to (a) predict
that the reliability df the final wvehicle will be as spécified, (b) to afford
assurance that the prediction is valid, and {c) to attach a price which is not
only competitive but also fairly represents what the program manager can afford.
Axiomatically, the higher the reliability requirement and ité associated con-

fidence level are, the higher the cost of the system must be.

5.1.1.2 Definitions.: To discuss the interactions of reliability values and

confidence levels requires the use of statistical mathematics, which can become
quite abstruse; and it is not the intention of this section to do so. However,
for those to whom the terms reliability and confidence level may be unfamilisar,
the following definitions are essential to the understanding of their cost im-

pact upon programs :

® Reliability: The probability that a system, subsystem, component,
or device will satisfactorily perform its intended function without
" failure, for a prescribed period of time, within & prescribed envir-
onment. : :

® (Confidence Level: The probability that the reliability figure of
- merit predicted for a system, subsystem, component, or device is
correct. .

5.1.1.3 The Statistical Implications. Traditionally, the reliability df any

system is determined by mathematical techniques prior to the ultimate'deploy-
ment of the system for use; and the confidence level associated with that fig-
ure of merit arises from statistical treatment of the test results obtained in

_the course of verifying the system function and life potential.

Expreséed in non—statistical terms, a typical reliability specification for a
space vehicle ahd aﬁ associated confidence level may be cited as follows: The
space vehicle relisbility shall be 85% and this shall be demonstrated to & 90%
éonfidence level; the on-brbit operatiohal period to be one year. Thisvmeans
simply that if 100 absolutely identical spacecraft were built, no more than 15

of them should fail for any cause while on-orbit; and, based on data derived
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from tests prior to the flight of the first spacecraft; one may be 90% sure that

the 15 failures expected will not be exceeded during the‘one year orbital period.

As a matter of statistical purity, it would take 17 spacécraft performing with-
out any failure during a one-year period to demonstrate an 85% reliability to
a 90% confidence level; therefore, the reasons for using statistical manipula-
tion of pre-flight test data to demonstrate compliance are obvious, in view of
the very large cost impact of a true demonstration based upon the ratio of

failures to successes in a given number of trials.

5.1.1.4 Spacecraft Reliability/CL in the Shuttle Era. Because historically

high confidence in the high reliability of spacecraft has been considered es-
sential, program managers have required values for both relisbility and confi-
dence level that are the highest attainable within the overall program budget.

In the late 1970's with the Shuttle available, and in-orbit maintenance possible,
reliability values and associated confidence levels can be lower. Practically,
it does not seem desirable to assign reliability values and confidence levels as
low as R = 0.50 C.L. = 50% since such assignments would permit equal chance for
failure and success, and predictions would have as much chance of being incor-
rect as correct (although programs designed to such criteria would be relative-
ly inexpensive). It doesAappear attractive, however, to assign reliabilities

of a slightly higher order, and confidence levels which bias the odds more toward
success. Accordingly, for low-earth-orbit type spacecraft, reliabilities of R

= 0.600 and confidence levels of C.L. = 60% afford the lowest cost approach to

potentially effective systems.

Communication and other satellites in Syneq orbits are somewhat more difficult
to emplace and revisit and require the services of a Space Tug for movement be-
tween IEO and Syneq orbit. Because orbit lifetimes tend to be longer and on-
board subsystems tend to be more sophisticated for these Syneq orbit spacecraft,
their reliabilities and confidence levels must be further biased toward success.

After considerable examination, the most cost effective values appear tobe R =
0.75 C.L. = T0%.

\Jt
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Cluster spacecraft will require regular visits for maintenance and experiment
updating. A visit schedule of twice per annum during thevorﬁital period seems
feasible, and during such visits maintenance to offset on-orbit failures can
be undertaken, as well as routine experiment updating. For Cluster spacecraft,
the reliability and confidence levels applicable to the other LEO types of
spacecraft appear satisfactory.

|
Planetary spacecraft benefit from the Shuttle in that they can be checked out
and necessary.repairs made after the launch/ascent phase and prior to final dis-
patch from earth ofbit to the planetary destination. Thereafter, no further at-
tendance is possibie, and as the on-board subsystems are usually sophisticated,
it appears feasible to assign reliability and confidence values identical to
those assigned to Syneq spacecraft. Figure 5-1 summarizes the relisbility val-

ues and confidence levels applicable to various spacecraft/payload types.

. Reliability C.L. . 1st

Hardware Missions (Lower MMD Probable
P/L | Exp. s/cC Bound . ) Failure

Mission- LEO 60 | .92 .65 60% | 2 yr.| 11-13 mo.

Peculiar Syneq .15 .95 .79 70% | 5 yr.| 28-32 mo.

Spacecraft Plan. .75 .93 .OL . TO% 2 yr. 11-13 mo.

Cluster '

Spacecraft IEO - .65 60% | 1 yr. 4-6 mo.

a. MMD = Mean Mission Duration = The expected hardware operating life during
which the system will function satisfactorily given reasonable maintenance.
A full refurbishment will be assumed following the MMD period.

b. 1lst probable failure = The point in mission time that the lst major failure
© will probably occur.

c. "P/L" = payload; "Exp". = Experiment; "S/C" = Spacecraft.

Fig. 5-1 Characteristics of Shuttle-Era Spacecraft
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Summarizing, the Shuttle permits on-orbit repair and maintenance of spacecraft,
Maintenance on-orbit permits higher risks of failure to be taken, and the fail-
ures can be offset by using the Shuttle as a service vehicle to facilitate ini-
tial repairs, remedial maintenance, and full refurbishment of spacecraft. If
higher risk of on-orbit failure is permissible, the reliability and confidence
values can be lowered, and spacecraft can be designed for méintenance; then the
reliability values will apply for the on-orbit periods between maintenance vis-
its during which time the spacecraft will be unattended. Such maintenance in-
tervals will be shorter than the full service life of an expendable spacecraft.
Such techniques permit a maintenance schedule to be set up, and an allowable

failure budget for each maintenance interval to be established.

5.1.2 Cost-Affecting Tradeoffs

5.1.2.1 Effects of Reducing Relisbility and Confidence Ievel. Reducing relis-

bility requirements and the associated confidence levels drive costs down in

the following areas:

® RDT&E: Designs can be simpler due to the fact that less redundancy
will be required to offset potential failures. Designs can be less
costly due to the fact that equipment must work only for the period
between maintenance visits rather than for the full spacecraft oper-
ational life.

® Testing: Development and qualification testing can be reduced in
duration and complexity due to the fact that tests conducted to
verify failure-free function and life capability are directly af-
fected by the reliability value and the confidence level to which
the reliability must be demonstrated. The lower the reliability
and confidence level, the fewer the number of tests required, and
the shorter the duration of the test phase. o

® Manufacturing: Due to the large payload weight and volume capability
of the Space Shuttle, packaging of hardware into modules can be effec-
ted using lower density vackaging, greater weight, and greater volu-
metric dimensions. ILow cost design techniques discussed in Section 7
thus apply.

® Pre-Iaunch Checkout: Can be simplified, due to the simpler design of
the hardware.
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® Tmmediate Post-Iaunch/Ascent:Phase: As a direct result of using the
Shuttle, payloads can be checked out, and repaired if required, after
ascent, prior to final deployment. Subsequent to deployment, the
Shuttle loiter capability permits payload retrieval and repair as
necessary in cases of early-life malfunction.

5.1.2.2 Tradeoff of Transportation Costs, Spacecraft Costs, and Reliability.

Agalnst the pos1t1ve cost—sav1ng advantages of low cost lower- rellablllty pay—

loads must be compared the fact that maintenance on-orbit requires a Shuttle

flight in the case of an IEO type payload, and a Shuttle and Tug flight for a
Syneq type payload. The costs of transportation for a Shuttle flight have been

estimated at $7.3 millions, and those of a Shuttle-Tug combination at $7.9 mil-
lions; to which must be added the costs of spares modules carried to orbit to

effect the repair actlon.

For example, it is not economically attractive to maintain a . low-cost space-
craft with a unit cost of $5.0 million or less, which requires three repair
visits during the orbital period at $7.3 millions per visit, plus the costs of
spare modules. However, the on-orbit maintenance of a payload costing $20.0
millions per unit, ahd requiring only one maintenance visit‘per orbital period
_is very attractive economically. 'The cost of the spacecraft and its periodi-

' city of maintenance (as a function of its reliability) are factors which must
be traded off before assigning relisbility and confidence levels to a payload
'pregram, and specifying the degree to which test demonstratipn of these charac-

'teristics must be made.

';5.2 Cost Impact of Payload MMD

'5.2.1 Definitions for MMD

 Mean Mission Duration (MMD) may be defined as: that expected, or mean mission
time that a system will perform satisfactorily without resupply or maintenance,
:ednsidering all factors. MMD may be defined mathematically as the area under
the religbility-time curve from time zero to mission tfuncation time or to the
end of the program, whichever‘is first. The term and its definitions appl&

specifically to historical expendable spacecraft where no maintenance has
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heretofore been possible. Practically, while the term does not apply to space-
craft designed for on-orbit maintenance or on-orbit retrieval and transport to
earth for ground based maintenance, it has been used for the sake of conven-
ience. In this revised context, MMD denotes that time period of on-orbit oper-
ation at the end of which the spacecraft requires full réfurbishment to contin-.-
ue normal operation. Thus, MMD may be construed to mean the service or useful-
operating life of the spacecraft. MMD is expressed in years, and is the life
parameter which the spacecraft must satisfy. As an example, a spacecraft hav-
ing a 2 year MMD must operate satisfactorily for that period on orbit. Should
failure occur prior to the MMD point, repair action, which is confined to re-
moval and replacement on-orbit of the equipment module(s) exhibiting failure,
must restore normal operation until the next failure, or the MVD point, which-
ever is first. At the MMD point, all functional modules of the spacecraft will
be replaced, the only elements retained being the spaceframe and the integral

wiring harnesses.

5.2.2 Effect of MMD on Payload Program

MMD selection has a considerable impact on costs in both the RDT&E and flight
operations phases of a space program, and interacts with the reliability re-

quirement directly. -In general, the longer the MMD, the greater the mission

costs, as evidenced by the following: '

a. MMD vs Spacecraft Hardware

If the reliability value is held constant, doubling the MMD value
halves the failure budget allowable to achieve a given reliability.
If the allowable failure budget is halved, then more hardware redun-
dancy must be added in order to assure failure free operation of the

payload on orbit.

b. Test Time vs MMD

While the RDT&E testing to demonstrate a given reliability at a given
confidence level does not change with respect to the MMD in terms of

the required success-to-failure ratio, the duration of each test
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changes considerably. For example, if it is preéumed that a test of
10% of ‘the desired on-orbit time is conducted on earth, under simu-

lated space conditions, to provide data from which inference of life
capability can be made; and if the MMD requirement.is doubled, then

"the test duration time must be doubled.

5.2.3 Tradeoffs of MMD and Repair/Refurbishment

If the costs of requiring a spacecraft to have an MMD of S years and fulfill a
mission of 5 years duration are justifiable, then no refurbishment need be un-
dertaken at the mission end point. However, there is a.finite>probability that
a repair visit will be required at, or about the mid-MMD point. Thus, the num-
‘ber of Shuttle flights would be two, one to initially place the payload and
another to repair the failure (if it occurs). If the mid-MMD chence of failure
applies equally to a spacecraft of one-year MMD assigﬁed to perform a 5-year
”mission, then the number of flights would be one placement, 5 repair flights,
and 4 refurbishment flights, for a total of 10. The costs 6f the one-year MMD
payload may be considerably less than that of the 5-year payload in terms of
RDT&E costs.and unit costs, but this advantage may well be offset by the over-

all transportatibn costs.

Examples of such tradeoffs are shown in Figs. 5-2a aﬁd'5-2b for IEO-type
missions, and in Figs. 5-3a and 5-3b for Syneq-type missions. The ballooné
and rectangles on Figs. 5-2b and 5-3b indicate the lowest-cost points. Such
tradeoffs should be undertaken to determine the optimum MMD selection for aﬁy

given mission profile.

The cost summaries in Figs. 5-2b and 5-3b show basic comparisons between a
~ Shuttle-launched expendable payload and a refurbishable payload. . The modes

are described following:

2-9

LOCKHEED MISSILES & SPACE COMPANY



IMSC-D154696

Volume I
Bp-cecrcft MMD
1 ¥r 2 Yr 3 Yr
- L
Expendable $ 95M $ 105M $ 115M
Spacecraft RDT&E Cost Refurbishable 95 107 120
Expendable 15 15 20
Spacecraft Unit Cost Refurbishable 17 17 23
Initial Placement 3.7 M&g
Transportation Cost Spacecraft Replacement 3.7 M(2)
' Repair or Refurb. 2.4 M
gpace:raft Repair- - 2.2 M per set
(ive;age) Refurb - 4.0 M per set
(1) Assumes Shuttle flight shared between 2 missions = 50% of $7.3 Million
(2) Assumes Shuttle flight shared among 3 missions = 30% of $7.3 Millionm.
Fig. 5-2a MMD vs Cost Tradeoff - IEO Misslon
Payload Program Cost ($ Million)
s/c
MMD Cost (1) (1)
(¥r.) Category Expendable S/C Refurbishable S/C
Mission Duration (Yrs) Mission Duration (¥rs)
% 2 3 10 1 2 3 10
RDT&E 95 95 95 95 95 95 95 95
Unit 8/C 30 60 90 285 17 17 17 17
1 Spares - - - - 2 9 15 56
Transportation 7 15 22 Th 6 11 16 50
Total 132 170 207 sk [120] ([1337]|[ s3] | =18
RDT&E 105 105 105 107 107 107
Unit 8/C 30 ks 150 17 17 17
2 Spares : - - - 5 9 27
Transportation 7 11 37 6 - 9 25
Total 142 ( 1§1 ) 292 235 242 166
RDT&E 115 115 120 120
Unit S/C 60 140 23 23
3 Spares - - 2 19
Transportation 7 26 6 18
Total 182 151 | 180

(1) Shuttle-launched

Fig. 5-2b MMD vs Cost Tradeoff - IEO Mission
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Spacecraft MMD
1 Yr 2 Xr 3 Yr L Yr 5 Yr 7 Yr 10 Yr
Spacecraft Expendable 50 55 65 70 80 125 175
RDT4E Cost Refurbishable 55 60 75 80 90 150 200
Spacecraft Expendable 5.4 6.0 6.8 8.5 9.0 14.0 19.5
Unit Cost Refurbishable 5.5 6.5 8.0 9.0 9.5 15.0 20.0
Transportation First Placement $ 7.9M for Shuttle + Tug (7.3 + 0.6)
Cost S/C Replacement $ 7.9M for Shuttle + Tug
Repair or Refurb ] 1 Flight Shuttle + Tug can service 4 Spacecraft
Spacecraft ’
Spares Repair - $ 2.2 Million per set (incl. residuals)
Cost Refurb - $ 4.0 Million per set (incl. residuals)
(Average)
Fig. 5-3a MMD vs Cost Tradeoff - 10 Yr Syneq Mission
Mission Quration (Yrs) and Cost ($ Million)  Comments
MMD 1 2 3 5 10
L M M $175 |M $183 | M $185 | M 207 M $519
E | E 277 |E 37% E 475 |E 582 E 992
5 MEgso Hm-{152 | m 186 | M 199 M 336
E(l66 )|E 222 |E 278 {E 333 |E 556
3 M 153 - | M 169 | M 196 M 283
E@ E 22 |E 301 | E ko
y MLLEE M 196 M
E(206)| E 212 27
5 M i M [ 2L2
E E
10 M 323 | M = Maintainable S/C ggg N5a
E 318 E = Expendable S/C “

(1)

All payloads Shuttle-launched.

Costs include Shuttle/Tug transportation costs,

but exclude payloads operations costs.

(2)

Repair and partial refurbishment accomplished at intervals of MMD/2; full refurbishment

accomplished at intervals equal to MMD.

(3)

New spacecraft launched at intervals of MMD/2 (at first major failure occurrence).

Fig. 5-3b MMD vs Cost Tradeoff - 10 Yr Syneq Mission
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a. Expendable Payload

The initial payload is launched and operates satisfactorily until the
first major failure occurs, at approximately MMD/2. A replacement
payload is launched to replace the first. The first is neither re-
trieved nor refurbished. This cycle is repeated at intervals of MMD/2 

for the total mission duration specified.

b. Refurbishable or Maintaineble Spacecraft

The initial payload is launched and operates satisfactorily until the
first major failure occurs at approximately MMD/2. A Shuttle flight
to orbit carries sufficient spacecraft modules to replace the failed
module and those that have been predicted to fail in the near future
(partial refurbishment or preventive maintenance). A full refurbish-
ment will be accomplished at the MMD point (full refurbishment can be
undertaken early should definite indications of accelerating rate of
failure be received from the orbiting payload; also, repairs can be
made or not, dependent upon the nature and severity of the actual

failures occurring).

In all the cases surveyed for LEO missions the refurbishable-spacecraft
mode was less costly than the expendable-spacecraft, for MMD's of 1, 2
or 3 years and for mission durations of 1 through 10 years. The lowest

program cost occurred with a spacecraft MMD equal to one year.

In analyses of Syneq spacecraft, spacecraft MMD's of 1 through 5; and
10 years were surveyed for mission durations of 1 through 10 years.

Fbr a 5-year mission, a refurbishable spacecraft with 5-year MMD offers
the loweét-cost program. For a 10-year mission, a refurbishable space-

craft with a 4 or 5 year MMD provides minimum cost.

5.2.4 Pailure Occurrence vs Orbit Maintenance

5.2.4.1 Historical Emphasis on Minimizing Failure Probability. Traditional

reliability techniques applicable to space payloads have presumed that a space-

craft of R relisbility and a failure potential of Q, (where Q = 1 - R) may, or
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may not exhibit failure during operation. Should failure occur it will be ran-
dom in nature. Within accepted reliability bractice, the methodology used has
been to make the probability of failure Q as small as possible with respect to_
the reliability R; a practice which has been extremely costiy in. terms of hard-
ware redundancy incorporated to offset any, and all failures, and in terms of
tests to verify that the required high reliability has been designed into the

system.

5.2.4.2 Analysis of Historical Spacecraft Failure Data. During the course of

a large number of US space programs, considerable data concerning the mechan-
isms and characteristics of failure have been amassed. Figure 5-4 illustrates

a composite of such data.

100%
OF ALL FAILURES:
20 Misslons, 196k-1 85% Minimal Mission Effect
: 11% Mission Degradation
8 4% Loss of Mission
E Iaunch(Aécent Period : » Not included : ‘
8 s Destructed Vehicles
3 30 Period of »
Nominal Desi Life:
g Early Mortality > Years e
e / Period of
& ’ Attrition
" Stabilizing , :
< Period Stable Period _ r N
: ~ — ~
3 20 15% .
£ 16%
13%

I 4% 6%

¥ .

5 100 500 1000 5000 8760 17520

MISSION DURATION IN HOURS (UNMANNED, UNMAINTAINED)

Fig. 5-4 Percentage of Failures vs Mission'Duratioh
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5.2.4.3 Potential Elimination of Launch/Ascent and Barly-Life Failures by

Shuttle. It may be noted that on missions of 2 years duration, 84% of all
failures reported occurred prior to the mid-MMD point of 8,760 hours. With
the Space Shuttle able to provide pre-placement payload checkout, and also im-
mediate post-placement recovery and repair capability, it appears reasonable

to expect that the 46% early life failure incidence might be eliminated.

5.2.4.4 Orbit Maintenance to Accommodate Other Failures. The remaining 38%

of the failures is still an appreciable number of failures occurring prior to
mid MMD, and with new generation spacecraft of the maintainable type, having
relatively low reliability, there is a very real probability that if an orbit
failure occurs it will occur near the mid-MMD point. By means of such statis-
tical techniques as the Weibull Mortality Equations, and for electrical/elec-
tronic hardware, the Poisson Approximation Equations; it is possible to com-
pute the probability of exactly one, one Or more, or one or less failures at
the mid-MMD point. Where the probability is appreciable, as it will be in
cases where the spacecraft overall failure-potential Q is of the order of 40%
for LEO spacecraft or 25% for Syneq spacecraft; a decision can be made to sched-
ule a repair flight at that point in time. Even if the failure has not exhib-
ited itself at the anticipated time, the flight can be used to replace those
subsystem modules which theoretically are approaching a failure point computed
by the means stated. The rationale is thus set up for (i) repair where a fail-
ure has occurred, and (2) on the same repair flight, partial refurbishment by
replacement of those modules which have not failed, but for which failure is
imminent. Full refurbishment at the MMD point, wherein all the modules are
changed, gives the spacecraft a new lease on life. (The statistical methods
outlined are not detailed herein for the sake of brevity, but are well known

and proven techniques and can be found in the majority of statistical refer-

ences).

5.3 Benefits of Hardware Standardization to Payload Repair/Refurbishment/Reuse

There are several adventages to hardware standardization which give rise to ap-

preciable cost benefits to space programs. These cost benefits apply throughout
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all phases of programs and are not limited to the on-orbit phase. Standard

hardware may be of three forms (described in detail in Section 4):

a. Standard Modules for g "family" of spacecraft with similar
missions

b. Standard Spacecraft designed to perform a number of similar
missions ‘

¢. Cluster Spacecraft designed to support several mission
experiments simultaneously.

5.3.1 Coét Advantages Arising from Standard Modules for On-Orbit Maintenance

Where more than 6ne spacecraft are to be placed by a single Shuttle flight, a
case envisioned as likely for the IEO Earth Observatory Satellite type programs,
savings can be realized by such transportation sharing.> Consider a Shuttle
flight which is to emplace two EOS type spacecraft. In this case, a classic
approach would requlre that not only two spacecraft must be carried, but also

a complete set of spare modules for each, to offset the potentlal incidence of
Infant Mortality failures . Historically, such incidence has been high as pre-
viously discussed in par. 5.2.4. The spare module complement, however, need

not be two full sets, one set per spacecraft.

Based upon the usuai'Product Rule for systems, which gives very conservative
results, and the technique of Complexity Ratio for apportionment, a typical EOS
payload might have a reliability budget as follows: '

R Payload teeeasessessescscescsaasaoss savevuen eeieesn.. 0.60
R Experiments coeceescccceccceccoccacccoccacecaconnn 0.922
R SpaceCraft ooeeeeceseosacscsosnsoonoasoiooccaassns 0.652

RECS sveevenncecasesscanseansass 0.999 +
R CDPT oeevcecensennessnasnsesess 0,86k
RACS vivevecooncsansoasssassascss 0.997
R S&C veveceossacsccccessssansaces 0.850
R Electrical POWET .............. 0.889

[ R StruChtUle cececesscesscsssasess 0.999 +

Subsystems
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With the subsystems allocations further apportioned among'the several modules
per subsystem, the reliability numbers become higher still. Selecting a rep-
resentative module such as the sensor module from the S&C subsystem, the relia-
bility is in excess of 99% due to the hardware and functional redundancy in-
cluded. The failure probability of one or less percent is thus not great, and
applies to each 6f the two modules within the S&C subsystem of each of the two
spacecraft carried by the Shuttle.

Should this module fail in Spacecraft No. 1 either prior to the pre-placement
checkout onboard the Shuttle or immediately post-placement within the Shuttle
loiter period, the laws of chance have resulted in failure ﬁithin the 1% Q
domain. With respect to the identical module in spacecraft No. 2, the chance
of not failing is still 99% and, while the failure is possible as a second in-
cidence of the same anomaly, the likelihood is not greater than 1% and is prob-
ably less.

It would appear reasonable, therefore, not to carry more modules than one of
each type, i.e., one set to accommodate both spacecraft. If greater assurance
is required, then the technique to determine the optimum number would be to
rank all modules in descending order of their probability of failure and carry
two each of the modules having the greatest failure potential. In this case,
there would be very few modules required at a level of more than one spare

module for each module type.

5.3.2 Refurbishment/Reuse of Modules

Assuming that the maintenance-on-orbit philosophy is adopted, modules which have
failed, modules approaching failure, and modules which have operated to their
theoretical MMD point will be returned to earth for major refurbishment. De-
tailed examination of these modules suggests that refurbishment at all hardware
levels down to the piece part is cost effective, and that the spacecraft subsys-
tem modules have a high residual value. While the residual value varies from
module to module with a high of 90% and a low of 45%, the average residual value
appears to be about 75%. Thus the cost of refurbishing most moduies is approx-
imately 25% of the initial purchase price. It is obvious that the cost of
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modules procurement can be greatly reduced by taking advantage of the compara-
tively low refurbishment costs and the high residual value of the modules.

Some examples of ground maintenance concepts are:

5.3.2.1 Examples of Refurbishment. Some examples of ground refurbishment ap-

proaches are represented by the following:

Module Refurbishment

The first echelon of ground refurbishment is at the module level.
Figure 5-5 is an abbreviated flow diagram for a typical Communications
module. : ‘

Sub-Assembly Refurbishment

Following removal of subassemblies from the used/failed module, each
sub-assembly is processed through & refurbishment cycle. Figure 5-6
- ig a flow disgram for a typical Stabilization & Control Electronics

package .
Communications
Module Deliver on- Comp. refurb Unit completes Draw new
line unit to of unit life test unit from
Disassemble 2 Refurb & L Subjectto P -- spares
-1S-Band RCVRS Life Test Life | ndication Unit OK stocks
(stdby redun't)
from CDHPI ‘
Cmd. Module
Deliver off- YES
line unit to
Notes: Life Indica- ,
D = Decision Points tion Test, as- Path #1 Path #2°
Paths: 1f No. 1 fails, is.
Use No, 2 &
Draw Unit Reassemble |
NewUnit | N0 | Completes | YES P | botn units
trom €—  Life Test into -
Y Spares Stock Unit 0.K. module
Repeat
" Process g L ‘
Path #2 '
Module Life Return
) ¢ I ndication Communica-
ompletes Test 1
Test on
\Q\ 0. K entire Module
Remove & i Modufe to Stock
Discard
RCVR I
Subassy

Fig. 5-5 Typical Module Refurbishment Flow Diggram -
Communications Module
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Wheel Subessembly Control Pkg Notes:
S&C S/S Module M4 D~ Decision Point
+ Paths:
If ¢
Disassemble Remove not #1 then ¢2
Pkg. from 1 Printed Circult

L 2 v 2 v -
Inout Accept. Inout Amplifier Input Signat Command g's"': Boards
Circult Bds. Boards Routing Bds. Output Bds, "“:::: ,:c"r':cs:;ck
Test & Retain Test & Retain Test & Retain

If0.K. if0.K. If0.K.
L 1
NO |Boards} YES Path #1 Test for Life

Discard Circuit Bds. Test Capability
Draw Replacements Path #2 I ndication

from stock

Reassemble subassy Test
into module  [® 0.K.
Return module to ¥ __NO
stock D/ Repest Process

Fig. 5—6 Typical Subassembly Refurbishment Flow
Diagram - Wheel Control Electronics

Component Refurbishment

Most of the components removed from the modules or subassemblies are
also refurbishable and have significant residual value. A flow dia-
gram for refurbishment of a typical electromechanical component is
shown in Fig. 5-7.

Sets of new replacement parts for component refurbishment would be
procured initially and held in bonded stores at field refurbishment
depots awaiting the start of the refurbishment cycle on a particular
program.

Two examples of the cost

savings available with use of ground refurbishment and reuse of spacecraft

hardware are provided below.

e e e e

8.

Valve Replacement vs New Unit Replacement

A comparison of the costs of refurbishing a solenoid valve versus re-
placing the used/failed valve with a new unit is shown on Fig. 5-8.
The total cost to refurbish the valve is $3lh, including amortization
of special test equipment; the unit cost of a replacement is $1958.
Applying a conservative factor, the actual cost of the refurbished
valve is only 26% of the new cost.
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Flow Disasgemble
Control from Disassemble
Valve ACB © Valve
Module
Body & Solenoid
Seat Closure Actuator oleno
lap & Ball Springs Diaphragn R & Filters
Clean Lunger .
Discard. Discard Discard. Retain Discard
Drav new Drav new Draw new & D 8¢
Ball 8prings Diaphragm Hi-Pot ;:'{ tn:_v
from stock from stock| [from stock Teat ers
Run~-in
cycle
I_— teat
Install Ball ]
Lap to Seat
Freon 14
Clean Area
Return valve to
astock, or re- Discard
Reassembly of YES install/module valve
nev parts into Run-in & !
body. Attach Repeat
tested solen- e ] Teat Ro furb
oid to Process

Fig. 5-7 Typical Component Refurbishment Flow Diagram
- Flow Control Valve '

Data Base: Sterer Corp.

Glendale, CA

Rote: All $ values in units, no loading

TEST STAND COSTS NEW PARTS COST UNIT REWORK COBT |. UNIT ST COST INSPECTION COST
Berkeley counter 4500 Ball (1) 8.00 Disasoy/Reacsy/ 20 hro - 1200 on-~of% 4 hre physical
Gas source & Reg 3700 8prings 56; 24,00 Cleaning/lapping cyclas @ $8.00/hr. inepection ¢
Gas Accumulator 2000 Fllters (6 12.00 4 hrs @ $7.00/nr. $12.00/nr.
Plumbing & Fixt. 300 Diaphragm 15.00
Run Time meter 150
28 VDC Pur Sup. 2500 £ $59.00 £ $28.0q £8160.00 £ $ 48.00
Hipot Tester 200
Leak Tester gaoo

L 186850
Amortization Factor
(1000 untts = .001)
Unit prorated costs
$18.85
4
COBT TO REFURB UNIT ‘l
9
> £ $314.00 <
SAVINGS
COST 10 HEPLACE UNIT SAVINGS % QUM. LOADING
REFURB VB REPLACE —_—
_.. .__’ FACTOR
I $1958 T 31645 L 84% 10% (est.)

Tu%

UNIT RESIDUAL VALUE

Fig. 5-8 Cost of Solenoid Valve Refurbishment

vs New Unit Replacement
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b. Typical Module Refurbishment Costs

The cost of complete module refurbishment has been derived,

the combined effects of part replacement and component and subassembly
refurbishment. Three typical spacecraft modules are listed on Fig.
5-9 with the costs of refurbishment.

" ] Replace- - Cost of Refurbishment (§) Savings *
SB::nm R:z:.:b Maintenance mant Cost Repl T Lad Yos
uodulo T Aottlon Ela- Fobl. | rnreias | B0vr  [Repl  |Diesy | o 1 @ | To- o | ¢ |

lave mante Elem. Type Parts |Reasoy Insp.| tal <
. |
AGB Compo- [ Remove valve Valvn, ;81958 $1958 Pacty
1-4 nent from module. flov I Ball 8.
Rafurb & test Reg. 8pring ok,
Pilrer 2. .
Diaphr.| 15. 28, 179, | L8. 31k, | L1645 | 16, | 8,
Sol'nd |Eetatn
59 .00
FaC Sub- Remove wheels Wheels Brgs 6K
Wheel assy & gimbals. pkg. i Gimbls 18K
Mod b Remove elec. compta: Bushgs 2K
control pkg. Wheels $300K 280. 4000. |500. [48780 | 3usk |12.4 187.6
Disassemble Motors 18K | $395K *Mtrs 15K
vheel units & Electr *Mltr X
refurb & test pkg. TTK LK
CDPT Module| Remove both S-Band  $12.5k | $25K Pur & only | only | Unit
Comm Atrunits RCVR's per control| unit | unit #1
from modl. (2) unit ¢/Bs 2 2 $2400. {360.
Off-line unit 2 per $800 | $21. Unit
direct to test RCVR #2
On-~line unit (s $2400. 1360. ($63w1 | 18.7|25.5 | T4.5
refurb by re- total) both K
placing C/B's © ¢ |units
then life test total

# Coats to refurbish & reinstall motors & electronic control package.
Hote: All § values are unloaded direct costs in units.

Fig. 5-9 $ Savings for Module Refurbishment VS.Replacement

5.3.3 The Impact of Hardware Standardization Upon Module Refurbishment/Reuse

The foregoing plan for module refurbishment/reuse and the large payoff in dol-

lar savings (versus replacement of used/failed spacecraft modules with new

‘modules) can be enhanced even further with standardization of the hardware

elements; parts, components, and the modules themselves.

Not only will the procurement and warehousing of spare parts be simplified, but
the variety of field crew used for disassembly, assembly, repair, and retest

can be substantially reduced.

Further, service experience with standardized hardware can be more readily ac-

‘cumulated, diagnosed, and corrective action initiated. A much larger universe

for test sampling of identical or similar hardware will be available and both
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ground test and flight article experience can be combined into a centralized

set of operational data which will:

a. improve the confidence level in the hardware (allowing early reduction
in scope and depth of ground testing) o

b. allow lowering the relisbility goals (with attendant cost reduction)
for follow-on or new similar spacecraft. '

5.4 Effective Combinations of MMD/Repair/Refurbishment

As may be seen from the foregoing text; reliability, MMD, Mission Dufation, on-
orbit repair, partial refurbishment; full refurbishment, and selective ground
maintenance at several levels to refurbish modules returned from space all have
strong and interacting impacts upon costs to a payload program. In addition,
the level of confidence to which reliable performance is to be demonstrated has
a decided impact upon the cost of performance-verification-testing; further, in
cases where overall mission success is to be demonstrated at the end of & mis-
sion (or missions), confidence level has a cost impact on the planning and test-
ing of hardware destined for the next similar mission. As all of the parameters
mentioned are interactive and variations can be made to achieve cost effective
compromises, iteration of such variations will indicate several trends which
permit general conclusions to be made. These general conclusions are of value
to the planmning of space programs using either mission-peculiar or standard
hardware or both. The main conclusions may be listed as follows:

® Tn selecting reliability figures of merit and confidence levels
select minimum system values consistent with mission requirements.

® Tradeoff MMD versus mission duration, with selected reliability held
constant, so that the optimum program cost, including transportation,
repair, refurbishment, and modules residual value can be tabulated
and compared (as shown in Figs. 5-2b and 5-3b.

© Design modules for subsystems which exhibit the greatest residual
“values (perform analysis as illustrated in Figs. 5-8 and 5-9).

© Investigate the possibility of transporﬁation sharing for both
placement and maintenance flights. - B
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® Pre-schedule Shuttle flight operations to perform both repair and full
refurbishment of orbiting payloads (nominally, repair at MMD/2; re-
furbishment at MMD point).

® To offset launch/ascent and early-life failures, carry & set of spare
modules to orbit with each initial-placement spacecraft. The partic-
ular types and quantities of modules will be based on statistical
analyses of failure probability.

® For Cluster spacecraft schedule revisits at half yearly intervals; and
at the time of experiments change, recalibration, or updating make what-
ever spacecraft repairs are indicated and vartially refurbish in accor-
dance with mid-MMD potential failure expectation.

® When undertaking the refurbishment of modules returned from space, set
service life limits upon the modules; i.e., after n refurbishment oper=-
ations during which some of the module internal hardware elements are
retained, the module should be considered as expendable. The discard
point should coincide with the service life of the longest-lived element
(dynamic) of the module under consideration.

The techniques set forth in this section as being productive of cost effective
space hardware and programs have not been detailed to any extent. The concepts
appear viable after subjecting them to limited application. Further study is
required to refine these concepts into a complement of estimating methods by

which informed cost decisions can be made.
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Section 6 .
APPLICATION OF LOW-COST APPROACHES TO PAYLOAD PROGRAMS

6.1 General Application of Low-Cost Payload Program Apprbaches

In the development of the concept of spacecraft hardware standardization, it has
been very apparent that application of low-cost design approaches is a natural
corollary. Many of the spacecraft and program approaches demonstrated as cost-
effective during the earlier Payload Effects studies are equally applicable when
considering standardization. The principal features of the low-cost methodology

are provided in the following paragraphs.

6.1.1 Mandatory System Performance and Design Requirements

Over-specification has been a significant factor in escalating the costs of
historical space programs, beginning with the System Performance and Design Re-
quirements Specification prepared by the government program office and/or the
contractor. Cost consciousness must be fostered among the scientists, engin-
ecers and menagers responsible for program planning, with the objective of ob-

taining requirements specifications based on cost/value analysis.

6.1.2 Mission Requirements

Frequently, the basic mission requirements aré somevhat arbitrarily established
without consideration of the impact on the spacecraft or program costs. Many
"desired" objectives are initially included in the program and soon become m@n—
datory. Tradeoffs of the mission objectives against cost to implement should
always be employed; reduction, if not eiimination, of certain non-mandatory re-

quirements can have a significant program cost impact.

6.1.3 Simplified Equipment Specifications

Engineering orgenizations currently prepare design specifications that are more

restrictive than they need to be, because it 1is safer (but more costly) to err
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in that direction. Program offices must encourage engineers to specify the

lowest acceptable equipment performance and other design requirements, and ef;
fective review procedures must be established to control over-specification of
requirements for both in-house fabricated and procured equipment. Preliminary

analyses should be required to backup any super-restrictive requirement.

6.1.4 Simplified Engineering Documentation

Much of the escalation of the costs of space programs is attributable to'the
documentation requirements. Program planners should carefully evaluate docu-
méntation needs, and impose only those requirements essential to the orderly
execution of the program. In particular, they should avoid the imposition of
requirements simply because it is safer to require too much and avoid the risk

of requiring too little.

When contractual documentation requirements permit, simplification of contrac-

tor engineering documentation can result in significant savings.

6.1.5 Special Reliability Considerations

6.1.5.1 Cost/Reliability Relationship. It is well known that the cost of

raising the predicted reliability of space vehicle systems and subsystems above
nominal values increases exponentially as the ultimate reliability of 100 per-
cent is approached. Part selection becomes more rigorous, reliability testing
becomes more comprehensive, and more and more redundant components and backup
functions are required. For example, a typical cost estimating relationship
(CER) showing the relationships between cost and reliability for a typical space-
payload subsystem is presented in Fig. 6-1. ‘

The exponential increase of cost as relisbility is increased beyond 0.75 (75%)
is most significant. If the reliability required of a collection of complex
subsystems (spacecraft) can be limited to about 0.7, appreciable savings can
be realized in the design, development, and production of space payloads. Such
limitation of reliability requirements will be possible fér Shuttle-launched
payloads because of the capability of the Shuttle to checkout payloads in orbit

prior to deployment, to repair them in orbit, and to recover them for reuse.
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Fig. 6-1 Cost/Reliability Relationship for Typical Historical LEO Payload

6.1.5.2 Predicted vs Achieved Reliability. Justification for lower system

reliabiiity requirements for Shuttle-launched payloads is afforded by analysis

of the historical disparity between the predicted reliability of expendable-

launched payloads and the reliability they have actually achieved in orbit.

Examples are given in Fig. 6-2.
Prosrem Predicted Achieved
ogr Reliability | Reliability

IMSC Small Research < '

Satellite (SRS) 0.80 0.30
HEOS-A, German 0.85 0.98
Iunar Orbiter 0.75 0.90
Mariner 0.75 0.90

Fig. 6-2 Predicted Reliebility vs Achieved Reliability
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The disparity is partially explained by the following:

a.

There has historically been no differentiation between major or
critical failures and minor failures in the failure-rate "bibles"
such as FARADA. Inclusion of the minor failures (which do not
cause payload nor mission failures) in the total failure statistics
has biased the resulting spacecraft designs to conservatism and
higher costs.

There has historically been no method by which launch/ascent and
early-life failures could be eliminated from the total payload

mission failure. A highly conservative factor was therefore as-
signed by the spacecraft designer for the "unknown" launch/ascent

phase of operation. Typical historical conservatisms are shown
on Fig. 6-3. (These are factors applied to laboratory ambient.)

Environmental Exposure A%Ziizity
TIaunch Operations 90 Z{}SZZES
Aircraft Operations 18 |
Road Transport 15

Rail Transport 5

Shipboard Operations 3

Submarine Operations 2

Space Operations 1.5

Some Contractors/Agencies believe launch stress should
be 900-1500; others use as low as 4. IMSC uses 10 max.
for solid-state hardware, 35 max. for others.

This factor is not time dependent.

Fig. 6-3 Adversity Factors for Payload Reliability Prediction

(Data from MIL~HDBK-21TA)

The steady-state space environment, once attained,is rated a factor of 1.5; the

‘launch/ascent phase is rated a factor of 90, with various agencies or contrac-

tors using factors from 10 to over 1000.

6.1.5.3 Methods for Lowering Reliability Requirements.  Section 5 provides dis-

cussion on (1) the latest failure statistics, segregating the launch/ascent

phase, and (2) the use of the Shuttle in performing on-orbit checkout and re-

pair of the payload following the 1aunch/ascent. The application of reasonable

(major or criticalﬁonly) failure statistics, the segregation of on-orbit and
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launch/ascent failures, and the use of the Shuttle pre-deployment repair will
all contribute significantly to reducing the payload reliability requirements.
These new principles should be applied in reducing design, development, and

testing costs.

6.1.6 Reduced Testing Requirements

Typically, spacecraft equipment and assembled spacecraft have been subjected to
very comprehensive, rigorous, and often repetitive testing programs to estéb-
lish the level of confidence felt to be necessary for the making of launch de-
.cisions. Such programs have been costly to execute and oftén costly in worn-
out or damaged equipment. The fear of spacecraft failure during launch or early
" in orbital flight and of the consequences of such a catastrgphe has been the

" principal motivator for traditional testing programs. Much of this‘fear will
-Abe alleviated by the Space Shuttle which makes possible in-orbit checkout and
repair of spacecraft before'they are committed to orbit, monitoring of their
' early orbital perfqrmance, and their reéovery.for repair invorbit or their re-
turh to earth in the‘event of early malfunction. Once fears of the consequences
of failure have been alleviated it should be possible to reduce s1gn1flcantly

the scope and cost of testlng programs .

6.2 Considerations and Guidelines for Payload Low-Cost Design

Historically, the design of spacecraft has been sevefely constrained by weight
and volume limitations resulting from the modest payload capability of the
launch vehicles. When weight and volume constraints are relaxed, significant
cost reductions in spacecraft can be made. The following paragraphs offer

some approaches.

6.2.1 Design Simplification

Engineering costs are directly related to the complexity of the designs to be
created. To reduce engineering coSts, payload designers must strive for design

simplification, beginning in the concept design phase and continuing through
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the detall design phase. Simple designs require fewer and simpler specifica-
tions and drawings, less analysis, less manufacturing and assembly labor, less

testing and less integration and coordination. Select a simple spacecraft con-

figuration which requires only a simple structure.

6.2.2 Low-Cost Materials and Fabrication Methods

In general, for comparable applications, materials that are inexpensive to buy
and fabricate, such as steel and in certain cases, aluminum, are usually heavier
for the same application than titanium and beryllium, which are expensive. In
the past, payload weight limitations have prevented the free use of the cheaper
materials and simple methods of fabrication; and the costs of spacecraft have
been higher than they would have been without weight limitations. In designing
spacecraft that will be orbited and supported by the Space Shuttle, full advan-
tage should be taken of the great payload capability of the Shuttle, and low-
cost materials and fabrication methods should be employed almost exclusively.

Use commercially available grades/sizes of aluminum sheet and extrusions for

most structural elements. Do not use beryllium, composites , or other high-cost

materials.

6.2.3 Use of Pre-Qualified Equipment

Most space programs have made some attempt to use pre-qualified equipment in
new designs to obtain the obvious cost savings. However, existing qualified
equipment has often been considered and rejected because it was not optimized
functionallysor in size and weight, for the contemplated application. The re-
laxation of weight, volume, and power constraints on spacecraft design will
permit designers to consider a much wider range of qualified equipment for a
given application, and to select equipment that historically would have been
rejected as over-designed, oversize, or overweight, Much more emphasis must

be placed on avoiding RDT&E costs in future space programs, Minimize new

technology and hardware development unless (1) there is & mandatory new re-

quirement and (2) it has been proven cost-effective relative to available

technology and hardware.
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6.2.4 Low-Density Electronic Packaging

Electronic equipment for space programs has evoived in the direction of reduced
size and weight, and increased packaging density. In general, this evolution
has been accompanied by cost eécalation. The relaxation of Weighf and volume
constraints in thé>Shuttle ers, should permit the developmenf of simpler, lower.
density packaging techniques for electronic'equipment; resulting in the reduc-
tion of RDT&E and recurring costs of such equipment. ILow density electronic
packaging saves labor costs in design, modification, fabrication and assembly;

repair, and inspection. Provide volume for low-density equipment installétions

to simplify installation and insure complete accessibility of parts and compon?

ents for inspection, test, or replacement.

6.2.5 Over-Designed Structure

The payload weight and volume capability of the Shuttle will permit the design
' of very conservative payload structure with factors of safety high enough to
'eliminate or reduce requirements for detailed structural load testing. This
over-design approach also will simplify the analysis of special and redundant

- failure modes such as shell-buckling; ruggedization of struétural elementg will

‘force most failures into simple failure modes. Use high factors of safety

(three or greater) for sizing structural elements. Reduce design analysis and

testing requirements for structures.

6.2.6 Structures for Minimum Alignment-Tooling

The costs of tooling for space payloads are directly related to the tolerances
specified for the assembly and alignment of structures aﬁd for the installation
of equipment. The lérger, heavier structures of Shuttle-launched payloadé
should not require as much tooling as the lighter, more flexible structures of
historical payloads{ Also; tooling costs can be reduced if, in the design of |
a payload étructure, a single structurally-stable plane can be establiéhed on
which all equipment requiring critical alignment can be mounted. Increase

dimensional tolerances.
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6.2.7 Elimination of Weight-Control Processes

Manufacturing costs can be reduced if payload designers avoid sandwich mster-
ials, chemical milling, machine contouring, and other techniques for weight
control commonly used in the design of payloads for expendable boosters but un-

necessary in the design of payloads for the Shuttle. Minimize use of contour-

machined parts and eliminate close-tolerance machining for weight reduction.

Minimize use of sandwich materials. Avoid use of higher-cost parts such as

castings or forgings.

' 6.2.8 Low-Density Modularization for Manufacturing/Test

Low-density packaging of equipment into modules and of modules into payload
structures will help to reduce manufacturing and testing costs by providing:
® Free access to components within each module

® Complete bench test of each module or combination
thereof prior to spaceframe installation

® Quick installation of module into spaceframe or
removal for failure repair, inspection.

6.2.9 Modularization.of Spacecraft Equipment for In-Orbit Replacement

In the design of spacecraft for launch by the Space Shuttle, equipment instal-
lations should be modularized to permit in-orbit removal and replacement. The
capability to repair a spacecraft in the Shuttle cargo bayfbefore releasing it
is a major factor in the reduction of space program costs that will be realized
through the use of the Shuttle. The following guidelines are applicable to the
design of equipment modules for Shuttle payloads :

® Divide payload subsystems into minimum quentity of modules consistent
with:

® Maximum weight/size which can be readily installed or removed
by a shuttle crewman :

® Maximum cost of a single module (dependent on type/qugntity of
components therein) should allow repair/replacement at a rea-
sonably low percentage of total spacecraft cost.

6-8
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® Segregate components into logical module grouplngs with similar
functional requirements, predicted life.

. @ Kgstablish operating tolerances on individual modules so that
module replacement will not require payload recalibration.

) Provide'simple functional and mechanical interfaces between
module, spaceframe, and other modules.

. ® Provide for easy access to and removal/installation of modules

without need for special tools by astronaut or by automated tele-
operator or manipulator.

6.2.10 Elimination or Simplification of Mechanisms

Use_of the Shuttle will allow elimination of some deployment mechanisms and
simplification of others. On smaller payloads, solar arrays, antennas, and
ofher devices can be mounted in the space-deployed configuration. On other
(larger) installations, the degree of folding for launch/ascent stowage can be
reduced and the sPace-deployment device simplified (the delatching and exten-

sion can be aided by the Shuttle manipulator (as a backup) if desired.

.Eliminate deployment mechanisms when payload space envelope permits fixed in-

stallation of solar panelg, antennas, sensors, and ofher equipment.

Avoid sophistication and miniaturization of mechanisms. Avoid mechanisms which

are not self-supporting in one-g.

6.2.11 Thermal Control Simplifications

‘With the average size of future payloads increasing, the amount of surface ares
available for thermal control will become significantly larger. The use of low-
cost passive thermal control will be more widely used. Also, the volume-limit -
_relaxation will allow separate thermal isolation of experiment packages, simpli-
fying the thermal control of both the experiment and the spacecraft. Isolate

experiment thermal control. Increase thermal operating range where possible.

Maximize use of passive thermal control.
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6.3 Considerations for Low-Cost Ground Support Equipment

There are a number of often overlooked things the payload designer can do to
minimize the costs of GSE and the recurring operations associated with handling,
transportation, checkout, storage and logistics support. If such considera-
tions are incorporated at the outset of the program they do not add to the de-
sign burden, eliminate the necessity to modify designs later to incorporate
support provisions, reduce the amount of new GSE that must be designed, and
minimize the amount of STE and tooling needed to produce the payload. Some of
the factors listed below are system criteria, some relaté to structural and
mechanical design, and others impact electrical and/or software design; they

are all important in minimizing total payload program cost.

6.3.1 Ruggedized Payload Effect on GSE

The design requirements for structures, subassemblies, components, and piece
parts for low cost payloads should include the ground hahdling and transports-
tion loads; this is contrary to some past practices where weight limitations
dictated thet ground conditions should not place limitations upon the design.
However, the cumulative effect of special handling, special testing, special
ground support equipment, and all the associated procedures, validations and

documentation is higher development and operating costs.

These costs can be minimized under the "low-cost" payload guidelines. Simple
design trade studles that consider the cost of GSE will usually provide a quick
indication of whether to "beef up" the payload or otherwise increase the capa-

bility of the payload or to require additional complexity of ground operations
and GSE.

For example, maximum Shuttle-imposed loads are 3.3g, whereas typical in-plant
dollies probably do not impose loads of more than +2g vertically and +lg in the
horizontal plane. However, if shipment of the payload or components by truck

or by air is necessary, loads of +6g may be encountered. Therefore, a component

‘such as a solar array panel (stowed position) should be designed to be self-

supporting for simplicity in assembly, inspection, and testing, and to with-
stand +6g ground transportation loads. If the array can be simply removed for
shipping, this approach would not apply.

6-10
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Shipping and storage containers will stlll be necessary to protect the compo-
nents from contaminants and to support them at the designed load bearing p01nts,
but complex shock mitigation systems and recording equipment, and special han-

dling are not reQuired,

Similar tréatment should be given to other payload elements such as antennas,

main structure, modules and large experiment structure or packages. It should
be noted that choice of maﬁerials, finishes and assémblybtéchniqpes are as im-
‘portant in the ground environment as the structural load factors, and the term

"ruggedized" applies to the total environment.

6.3.2 Hard Points and Lift Provisions

Suitable mounting provisions and load paths are designed into payloads to mate
with booster adépters or specified primary interfaces, but often the need to
hoist, tilt, rotate and translate in order to fabricate, assemble, test, ship,
- store and mate is neglected. In the past this has resulted in the design of
ekﬁénsive handling fixtures, complex shipping containers and tricky mating

maneuvers.

,Thé removal of severe payload weight and volume constraints allows the incor-
poration of.lifting;pads or hard points, lifting eyes or hbles, handholds, and
tiedown brackets, holes, recesses or cleats. Such provisions should be pro-

vided for the assembled spacecraft ahd indepeﬂdently for each interchangeable

module and replaceable component as appropriate to its size and weight.

6.3.3 Alignment References

It will often be desirable to determine the principél axés of payloads for check-
out as well as 1nstallatlon into Shuttle. External optical reference marks or -
.targets allow this to be done qulckly with common optical 1nstruments, and re-
verified as often as necessary. Where the reference is transferred from a plug-
in module, a target on the module may also be desirable. Thé targets should be |
located so they are visible through'the cargo bay doors and/or accéss portsQ

Each payload module should be self-aligping to the payload main étructure to a

specified accuracy,.and for any position or attitude of the payload.
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6.3.4 Thermal Design of the Payload

The thermal design is usually optimized for the space environment, but the
ground checkout and pre-launch environment must not be neglected. GSE can
supply dry, conditioned air or a nitrogen purge to a general area of the pay-
load, but it requires equipment and personnel that must be maintained and
trained, slows up operations and is usually avoidable if consideration has been
given to thermal paths and radiative surfaces. While power-on cycles can be
limited under ground conditions such limitations slow up testing, increase in-
tegration complexity and are, in general, undesirable and within the designer's

prerogative to control.

6.3.5 Protection of the Payload

All appendages, alignment devices, connectors, fasteners,.sensors, etc., should
be protected against handling damage, preferably by placement on or within pri-
mary structure, or, alternatively, by simple fenders or gﬁards. Protective
caps or covers should be used for optics, connectors and surfaces sensitive to
dust, moisture, and other contaminants; these should be designed for ready ac-
cessibility for removal during test or launch operations. Wherever possible

systems and materials that do not require such protection should be selected.

6.3.6 Checkout of Payload

Testing, from the piece;part level through the payload level, represents a very
significant portion of thé payload costs; during manufacturing, assembly, final
acceptance testing, and pre-launch and in-flight checkout. As such, it repre-
sents a very fruitful area for cost reduction. Specific examples of low-cost
payload design for reduction in test/checkout requirements are: (1) enlarged
tolerances in opefating parameters, large factors of safety, or enlarged per-
formance margins; (2) built-in test provisions for each "black box"; (3) sep-

- arate functional verification of redundant elements; (4) interchangeability of
replaceable modules/"black boxes" without recalibration; and (5) independent

safety-monitoring instrumentation.

In addition, ease of orbital checkout, enabling a quick verification of payload

functional capability, will reduce Shuttle "stay time" and. therefore reduce
' 6-12
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costs, as well as permit repair of launch/ascent—induced pfoblems. Thus, pay-
load systems should be configured to utilize automatic, computer-controlled
payload test sets. (PIS), should such be adopted, which will provide a standard

power, command, and data-processing interface with the Shuttle.

6.4 Consideration for Low-Cost Launch and Flight Operstions

Recurring operations, particularly on programs having long operational life,
account for an appreciable fraction qf the total program cost; this is prin-
cipally evident iﬁ the manning level required. Systems designed to require
less support, simpier procedures and fewer activities or operations will cost
less. Mandatory ground rules should include use of: (l).common support equip-
ment; (2) standard RF links and data formats; (3) shared control facilities;
(4) STADAN and NASCOM services, including TDRS when available; and (5) exist-

ing government data processing capabilities.

6.4.1 Effect of Safety Factors

- All pressure vesséls, tanks, pyrotechnics, radiation sources, or toxic mater-
ials used in low-cpst prayloads must be self-safing, inherently safe as a result
of the safety factors used in the design,. or capable of being renderea safe by
remote command. It is desirable that pre-flight servicing, including loading
of propellants and pressurants, be done quickly and without the necessity‘of
clearing the area‘of personnel or requiring that other activities iﬁ the vicin-
ity be suspended. Safe-Arm plugs or switches should be provided to minimize
hazards to launch'vehicles and personnel during the pre-countdown joint flight

acceptance compatibility tests.

6.4.2 Test Connectors

Means should be provided for conducting RF closed-loop tests without having to
obtain range clearance to radiate. Safety instrumentation sensor outputs should
be routed directly to test connectors so checks can be made without having to

. activate payload power, signal conditioning and data subsystems. Hardline con-
. trols should be provided for safing and initialization.- All test connectors

should be designed fail-safe for disconnect.
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6.4.3 Software -

The payload system software should be compatible with payload test set inter-
faces and should be designed for ease of programming changes in test and opera-
tions procedures. The need for computer programmers in routine operations

modes should be avoided. Extensive use of independent subroutines for specific
operations 1s desired, with internal program controls to prevent inadvertent
memory dumps or initiation of hazardous sequences. It is important that the
software system design be established concurrently with hardware design require-
ment formulation. On-bosrd memory capacity should be st least twice the esti-
mated basic requirement so that straightforward programming techniques can be
used and real-time changes can be made without having to émploy sophisticated

memory conservation devices.

6.4.4 Autonomous Orbital Operations of the Payload

Autonomy of the payload operation can be a most effective design feature for re-
ducing launch and flight operations costs, both direct charges to the program,
and the services supplied by other government-supported activities. An autono-
mous payload should be able to maintain its health (i.e., power, attitude, tem-
perature, configuration and sensor protection) for long periods without ground
attendance, including substitution of backup equipment or functions to correct
failure modes. This implies a self-check capability, a large stored command
repertoire, and a passive "storage" mode. The degree to which these capabilities
are incorporated in any particular payload should be decided by a tradeoff among:
(1) the costs for providing the capability; (2) the costs to perform the repair
functions (replacement modules and Shuttle/Tug flight); (3) the comparative costs
of ground tracking and data acquisition system, Ancillary benefits should also
be considered: more freedom for scheduling of ground network resources; more
flexibility in planning payload operations and modifying same; potential of
sharing sustaining engineering support because subsystem specialists and com~
puter programmer support will generally not be needed for updates/mods to pay-

load on-board computer program.
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4 Section T
IMPLEMENTATION OF STANDARDIZATION FOR FUTURE SPACECRAFT

With the Shuttle as a foréing function toward commonalization of missions and
'orbits, the historically costly mission-peculiar approach can be replaced with
hardware standardization and the corollary significant cost savings. This sec-
tion is devoted to explaining generalized standard hardware implementation,

using actual examples from recently-completed designs and analyses.

. 7;1 Design of Standard Subsystems and Modules

:7.1.1 General Approach to Standard Subsystem Design

The first major step in standard hardware implementation is the preparation of

conceptual designs for standard spacecraft subsystems for application to mis-

- sion-peculiar spacecraft, Standard Spacecraft, and Cluster Spacecraft. The sub-

.systems selected. for standardization should be those which in general have uni-

" versal application to most of the future missions; samples are outlined in the

following paragréphs. The Structures subsystems and the Ehvironmental Control

subsystems, because ﬁhey vary widely with specific mission requirements, are

not considered for étandardization initially. Also, because theré is limited

application of a Propulsion subsystem in the group of unmanned satellites con-
sidered in the sample (NASA unmenned missions) only a modest effort was applied

to its standardizatioﬁ.

~T7.1.1.1 Stabilization and Control (S&C).

- Function: To orient and stabilize the spacecraft
Equipment: Sénsors, inertial reference units, reaction or

momentum wheels, magnetic torquers, gyros, and
control electronics '
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7.1.1.2 Communication, Data Processing and Instrumentation (CDPI).

Function: To obtain spacecraft status data, process spacecraft
and experiment data and commands, perform computation
and timing functions, and provide communication with
other spacecraft, the Shuttle, or with ground stations

Eguipment:“ Sensors, signal conditioners and multiplexers, digital

computers and ancillary equipment, receivers, trans-
mitters, and antennas.

7.1.1.3 Electrical Power (EPS).

Function: To generate, store,condition and distribute electrical
power, and to distribute electrical signals.

Equipment: Solar arrays, charge controllers, batteries, power reg-

ulators and converters, power control and distribution
equipment, and electrical harnesses.

7.1.1.4 Attitude Control (ACS).

Function: To provide thrust for torquing and translating the
spacecraft.
Equipment: Propellant tanks, control valves, plumbing, and

thrusters.

T.1.2 Basic Design Criteria

The following basic design criteria should be applied in the conceptual design
of standard subsystems:
® Optimize for low program cost (low-cost payload design guidelines)

® Utilize modular-packaged equipment to allow internal modifications
without changing module interfaces

® Provide for on-orbit replacement of equipment modules with maximum
accessibility

® Provide for equipment module replacement without need for spacecraft
recalibration

® Provide for minimum on-orbit checkout utilizing Shuttle on-board
checkout

=2
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¢ Provide simple interfaces with Shuttle systems

® Eliminate deployment mechanisms or provide for deployment prior to
orbit-release from Shuttle (antenna, sensors, solar arrays, etc.)

® Provide for growth and update in all module packaging asnd at all
interfaces

® Provide multi-mission interface compatibility for experiment
packages '

® Provide for space docking and orbit retrieval by Shuttle, Tug,
or Teleoperator

® Provide for man-safety (not man-rating)

T.1.3 Mission Equipment Support Requirements

To establish design requirements for standard subsystems, it is necessary to

(1) Establish the basic orbit parameters for each mission/spacecraft, and (2)

- ascertain the support requirements of the mission equipment (experiment sensors,

transponders, etc.) of each of the missions in the pertinent Mission Model.

Figure T-1 'illustrates a sample of the orbit parameter listing, showing altitude

and inclinaﬁion, quantity of spacecraft for total mission duration and quantity

R A Tl | QY. of
nmm Mission o AMW(W :3:19; Quantity | SIC In
T feat Titte ‘ of SKC Orbit Set
t - Astronomy Explorer A 500 { 270) 85 L 1
3 § Magnetosphere - Low 3:523.‘260 :lggg;ldﬂ) 285 ;!) : lzl’ :
6 00 5 <
r | £ GravityRelativity 90 (50 % 2 1
n = H.E. Astronomical Obs. 650 { 30 25 6 1
B k< Large Stellar Telescope 650 { 350) 285 5 1
v | £ | targe Solar Observatory & (B0 » Y 1
19 & Large Radio Observatory 650 { 350} k] 3 1
Sa g | Polar Eos 93 { 500) 9 ss° R ]
B je= Earth Physlcs 149 ( 400 90 7 1
z |EE| mros 10 { 700 101 S5 3 1
26 "2 | . Polar ERS 1 0 { 5000 ® SS ) 1-6
[=]
» |3 Small ATS SS5G/555  (3000/00) | 0 - %0 2 1
2 |§3| coopars $550/855 (300000} | 0 - 90 2 1
B |os| 705 Mt B (0 | oSS » 1-3
n |85 Polerers [3Y) ( 500 9SS 2 %]

® $S =« Sun Synch,
°° Without Adapter. -

Fig. 7-1 Baseline IEQ Mission Parameters - 1979-1990 (Sample)

T-3
LOCKHEED MISSILES & SPACE COMPANY



IMSC-D154696
Volume T

of spacecraft in orbit at any unit of time. The required design life of each
spacecraft’ and its experiments/sensors should also be made a part of the refer-

ence data package.

Figure T7-2 is & sample data sheet which lists the characteristics of each ex-
periment/sensor for specific missions and the corollary spacecraft support re-
quirements. * These data must be carefully analyzed in establishing performance
requirements for standard subsystems and in their assignment to each of the

mission-peculiar spacecraft.

7.1.4 Standard Subsystems Characteristics and Egquipment

Point designs of typical standard subsystems should be developed next as & base
for deriving complements of components, weight and volume estimates, and cost
estimates. In the IMSC Payload Effects Follow-On study, point designs of typl-
cal standard subsystems have been documented in IMSC Engineering Memos, which
are listed in the following table and are included in Vol. II of this Design

Guide.

IMSC Engineering Memos

opacecrait Standard Sub
Mission General andard Subsysten

Description S&C CDPI | EPS ACS
Earth
Observatory PE-106 PE-102 | PE-103 | PE-104 | PE-105
Satellite
Communication
Satellite PE-126 PE-122 | PE-123 | PE-124 | PE-125
Planetary
Satellite . | FE-133

The general characteristics and major equipment of these standard subsystems,
as developed separately for a l-year Earth Observatory Satellite and a S5-year °

Communications Satellite are summarized in Figs. T-3 through T-6.

T-k
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Earth Observatory Satellite

Communication Satellite

Characteriatics:
® Earth-oriented; onc-year life

® 2 0.5-deg attitude pointing, £0.006 deg
attitude determination (30)

No earth-sensing provided
Attitude rate control to #0.005 deg/sec
Magnetic torque Qheel unloading
Mass expulsion used only for backup
attitude hold
Major Equipment :

8 2 Fixed-head staf trackers

¢ Three-axis precision rate sensor
(redundant) -

® On-board attitude and attitude control
computations in CDPI computer

Characteristics:
® Earth-oriented; five-year life

[ ?0.%6-deg narrov beam pointing accuracy
K J

100 ft-lb-sec pitch momentum bias

No yaw sensing required except during
North-S8outh stationkeeping

® Mass expulsion for stationkeeping,
wheel unloading and for backup
attitude hold

Major Equipment:

® Long-life earth horizon sensor
(redundant)

® Dual gimbal twin piltch momentum wheels

¢ On-board attitude control computations
in CDPI software

¢ Three single-axis reaction wheels ¢ Soler Aspect Sensors for yaw attitude
® Three single-axis magnetic torquers during stationkeeping
¢ L40-50m ephemeris every 20 min via TDRS ¢ g::;u;un sensors + rate gyros for
® Sun sensors + rate gyros for backup modes

Fig. 7-3 Features of Typical Standard Subsystem

‘ - Stabilization & Control
Earth Observatory Satellite Communication Satell{te
Characteristics: Cheracteristics:

® Communications via TDRS system

No on-board Mass Data Storage
On-Board Computer Control

Cormand Control vie Link

CDPI components included in Mission
Equipment Data Path

Major Equipment:

® Communication Section:
K-Band Transmitter & Receiver
S-Band Transmitter & Receiver
VHF Transmitter & Receiver
Ranger
Antennas-Gimballed & Omni

® Interface Section:

Ultra High Data Rate Unit -
logic, registers

High Date Rate Unit -
logic, reglsters, counters

Low Data Rate Unit -
logic, registers, counters, timer
A to D canverters, multiplexers

® Data Processing Section:
Digital Computer ~ Lth generation,
16K memory

® Instrumentation Section:
Analog, Digital, Bi-level Transducers

Communication to Ground Stations
No On-Board Mass Date Storage
On-Board Computer Control
Cammand Control via Link

CDPI Components not in Migsion
Equipment Data Path

Major Equipment:

® Communication Section:
S-Band Transmitter & Receiver
Ranger
Antennas - Omni

® Interface Section:
Low Data Rate Unit -
Logic, registers, counters,
timer, A to D converters,
multiplexers

® Data Processing Section:
Digital Computer - kth generation,
16K memory

¢ Instrumentation Section:
Analog, Digital, Bi-level Transducers

Fig. 7-k4 Fegtures of Typical Standard Subsystem

- CDPI
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Earth Obsefvatory Satellite

Communication Satellite

Characterigtics:

‘e 1000 watts ave. - end of life

® Fixed solar array, pre-launch
beta adjust

e Unreg. Bus: 25 to 28 VDC
® Regulated Bus: 28 % 2% VDC
¢ Array Switching

Major Equipment:

® 380 sq ft Solar Array
® 6 40 amp-hr batteries
® 6 Charge Controllers

® 1 DC-DC Regulator

Characteristics:

& 1750 watts ave. < end of life
Tracking array - single axis

Unreg. Bus: 25 to 28 vpC
® Regulated Bus: 28 x 2% VDC
® No Array Switching

Major Equipment:

® 263 sq ft Solar Array
© 4 Lo amp-hr batteries
4 Charge Controllers

1 DC-DC Regulator
Solar Array Drive Assy
Solar Array Regulator

o © e

Fig. 7 5 Features of Typical Standard Subsystem
- Electrical Power

Earth Observatory Satellite

Communication Satellite

Characteristics:

® Freon 14 Propellant

modules
8 Quelified hardware

Module wet weight = 140 1bs
Module size 22" x 32" x 24"
2 yr orbital 1life

Major Equipment :

® 16" D. stainless steel storage tank
® Pressure Regulator & Solenoid Valve

- Assy.

o k4 Clusters of four 1.75 1b thrusters ® L4 Clusters of six 0.5 1b thrusters’

® Fill valve

Provides control with any 3 of 4

Characteristics:

@ Hydrazine Monopropellant
Simple Blowdown Feed System

® Dual Series Thruster Valves for.
Leakage Redundancy .

® Module wet weight = 267 1lbs
® Module size 28" x 28" x 4b"

® Provides control with any Single
Thruster Failure

® S yr orbital life
Major Eguipment: _
® 27" D, stainless steel storage tanr

® Propellant managercant screen inside
tank

@ Fill valve

Flg T7-6 TFeatures of Typical Standard Subsystem
- Attitude Control

=7
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T.1.5 Typical Standard Modules

The equipment listed for each subsystem are then grouped into modules in acccor-
dance with the modularization guidelines presented in par. 6.2.9, Typical mod-
ules representing the subsystems of an Earth Observatory Satellite are described

in Fig. 7-7.

Subsystem Module Equipment in Module Module Weight (1b)

Stabilization Primary
& Cont.ro]_. Sensing Module

Fixed Head Star Trackers (2) Basic 91 1b
FHST Electronics (2) 15% contingency 14
Three-Axis Rate Sensor
Precision Equipment Mount Total 105 1v
Module Base

Module Cover

Cables and Connectors

No. 1

Stebilization Secondary
& Control Sensing Module

Sun Aspect Sensor (5) Basic 56 1bs
Sun Aspect Sensor Electronics 15% contingency 9
Rate Gyro Package "

Secondary Stabigization Total 64 1bs
No. 1 & Control Electronics
Module Basge

Module Cover

Cables & Connectors

Stabilization Reaction Torque
& Control Module

No. 1

Reaction Wheel (3) Basic 133 1bs
Wheel Support and Safety Shield 15% contingency 20
Wheel Drive Electronics

Magnetic Torquer (3) Total 13w
Mag. Torquer Electronics (3)
Module Basge

Module Cover

Cables & Connectors

Communication Ku-Band
Data Processing Communication
& Instrumentation Module

No. 1

K-band TWIA (50 watts out) (2) Basic T4 1bg
K-band PLL Receiver y 15% contingency 11
K-band QPSK Modulator/Driver

K-band Multicoupler Total 85 1bg
Interface Unit (High Rate) :
Module Base

Module Cover

Waveguide, Cables » Connectors

Fig. 7-T Typical Earth Observatory Satellite Subsystem Modules
(Partial List Only)

A module dimension, preferably the same size for all modules is then selected.
Each module-set of components 1s then arranged within the selected volume; vol-
ﬁme overage is provided for later additions or changes to the initial module

components.

A typical module configuration is shown in Fig. 7-8.

7-8
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Fig. 7-8 Attitude Control Subsystem-Typical Standard Module

Each module is designed to be guided into ite location in therspacecraft by
rails and aligned and supported by two inboard pins and two outboard cams that
engage machined grooves in the rails. The cams also transmit force from the
cam actuators on the outboard face of the module to -.accomplish the controlled

B engagement and disengagement of the bulkhead-type electrical connectors on the
in-board face of the module. The two wrap-around handles are designed to faci-

litate the handling of the module in orbit by a Space Shuttle crewman.

7.1.6 Typical Spacecraft Incorporating Standard Modules

To assure that the modules can be arranged in & satisfactory manner within a
spaceframe, considering module-to-module compatibility, experiment/sensor loca-
tions, etc., a spacecraft layout should be made. Conceptual integrated designs
of an Earth Observatory Satellite and a Communication Satellite incorporating

standard subsystem modules are described briefly in the following paragraphs.

7.1.6.1 Earth.Observatory Satellite (Future Version for Shuttle Era). The

Earth Observatory Satellite (EOS) is to be launched by the Space Shuttle and
is designed to be checked out and repaired, if necessary, in the Shuttle prior

to being placed into the mission orbit; to be repaired in orbit by the Shuttle

-9
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during its design lifetime of one year; and to be recovered from orbit by the
Shuttle after one year or longer for complete refurbishment and subsequent re-
turn to orbit. All communication with the EOS 1s assumed to be via a Tracking
and Data Relay Satellite system of three equally-spaced synchronous equatorial
satellites. No on-board data storage is provided in the EOS design.

The nominal orbit of the EOS is near-polar circular and sun-synchronous, with
altitude = 485 nm and inclination = 97 degrees. The number of orbits per day
is 1k,

The mission of the EOS is as follows:

¢ Provide a facility for the conduct of experimental research and
development of sadvanced space systems for the earth observations
disciplines.

® Obtain data in both the visible and infrared spectral bsnds to
detect and distinguish the signatures of agricultural and forest
resources and of natural thermal sources.

® Perform space observations of oceanographic phenomens and inter-
actions of the ocean surface with the atmosphere to meet urgent
needs for research data and the development of advanced opera-
tional sensors for the oceanographic and meteorological disci-
plines.

® TInitiate a program to develop and test space sensors to monitor
indicators of environmental quality, such as atmospheric pollu-
tion, on global and other appropriate scales.

® Provide a flexible date management system having the capability
of providing date in appropriaste formats and quantities on a
timely basis, primarily for research purposes but also (as may
be indicated during the initial research phase of one or more
of the instruments) for quasi-operational use by appropriate
agencies on & real-time basis.

® Develop a low-cost spacecraft for launch by the Space Shuttle,

adaptable to supporting a wide variety of earth observations
sensors and combinations of sensors.

The general configuration of a future EOS is shown in Fig. 7-9 and the location
of equipment in Fig. 7-10. The spacecraft subsystem equipment has been packaged

in modules that can be removed and replaced in orbit by a Space Shuttle crewman
T-10
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' DIRECTION.

OF FLIGHT .

Fig. 7T-9 General Cdnfiguration - Future Earth Observatory Satellite

Fig. 7-10 Equipment Loca.tior;s - Earth Observatory Satellite

T-11
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or by an automated Teleoperator or manipulator. This makes possible the check-
out and rapid repair, if necessary, of the EOS in orbit if it should fail prior
to recovery for refurbishment. The mission equipment (the seven sensors) can
be packaged in similar replaceable modules. The specific identification of
modules (correlating with letter-number matrix on Fig. 7-10) is shown on Fig.
7-11.

The EOS configuration provides spare volume for growth 6f elther spacecraft
subsystems (see Compartments A-5, B-L, B-5, and C-5 on Fig. 7-10) or mission

equipment.
Mission Equipment Spacecraft Subsystem Modules
D-1 Passive Microwave Rsdiometer A-1 Attitude Control Module No. 1
(A = 0.81 cm) A-2. S & VHF Band Communication Mod
D-2 Thematic Mapper A-3 Battery Module No. 1

-4 C
D-3 Passive Microwave Radiometer A Power ontrol Module

(A =2.81 cm) A-5 Empty
E-1 Passive Microwave Radiometer A-6  Attitude Control Module No. 2
(A = 6.01 cm) B-1 K-Band Communication Module
> - C Ref
E-2 Ocean Scanning Spectrophotometer B-2 S&C Secondary Reference Module
Atmospheric Pollution Sensor B-3 S&C Primary Reference Module
| Upper Atmosphere Sounder B-4 Empty
E-3 Cloud Physics Radiometer B-5 Empty

Sea Surface Temp. Radiometer

Passive MW Radiometer B-6 Reaction Torque Module

(A = 1.67 cm) C-1 Attitude Control Module No. 3
Passive MW Radiometer . .
(A = 1.40 cm) C-2 Data Processing Module

C-3 Battery Module No. 2

C-4 Battery Module No. 3

C-5 Empty

C-6 Attitude Control Module No. 4

Fig. 7-11 Equipment Module Identification - Earth Observatory Satellite

T-12
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7.1.6.2 Communications Satellite (Future Version for Shuttle Era). The Com-
munication Satellite is to be placed into geosynchronous orbit by the Space
Shuttle and Space Tug. The satellite and the Space Tug are mated at the launch
base and installed'in the cargo bay of the Space Shuttle, which is then launched
into a low-earth parking orbit. The satellite is designed to be checked out in
the Shuttle and repaired, if necessary, by the replacement of equipment modules
prior to'being transported to geosynchronous orbit by the Space Tug. The sat-
ellite may be recovered from its operational orbit and returned to earth for
repair, refurbishment and reuse; or it may be repaired in geosynchronous orbit

by a Teleoperator if a Space Tug/Teleoperator system is developed.

The general configuration of a future Communication Satellite in flight is
shown in Fig. 7-12. The direction of flight is eastward and the single-axis~
tracking solar power panels are extended to the north and south of the space-
craft.

The location of équipment modules is shown in Fig. 7-13. The modules are de-
signed to be readily removed and replaced in orbit by a Space Shuttle crewmsn

or by automated Teleoperator/manipulator.

The modules in locations B-1, B-3, D-1, and D-3 are protected from solar radi-
ation by hinged doors. The exposed surfaces of the remaining modules will be
protected by appropriate surface finishes and insulation as determined by de-

tail analysis of thermal control requirements.

T.1l.7 Standard Subsystem Modules for Mission Model

The group of subsystem modules designed for the point-design satellites (Earth
Observatory Satellite and the Communication Satellite) must be augmented by ad-
ditional modules to establish an inventory of standard modules to accommodate

the various missions in the Mission Model.

7.1.7.1 Screening Out Very Special Missions. Detail inspection of the subsys-

tem requirements for the various missions is necessary to screen out those mis-

sion applications which have very special requirements. An example is thé

T-13
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DIRECTION
OF FLIGHT

Spacecraff Subsystem Modules

Attitude Control Module No. 1
Attitude Control Module No. 2
Battery Module No. 1

Battery Module No. 2

Solar Array Drive Module
Power Distribution Module
CDPI Module

S&C Sensing Module

Momentum Wheel Module
Attitude Control Module No. 3
Attitude Control Module No. 4

Mission Equipment

Transponder Module No. 1
Transponder Module No. 2
Transponder Module No. 3
Transponder Module No. 4

Fig. 7-13 Equipment Module Locations - Future Communication Satellite
T~1k
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outer-planet missions'which have very special communications and electrical

power requirements and very long mission life requirements.

7.1.7.2 Basic Modﬁles and Variants. In establishing the standard module in-

ventory, emphasis must be placed upon retaining the smallest possible quantity
of vasic modules,'éreating variants to these as necessary. A "variant" to a
basic module is described as the addition, deletion, or replacement of & com-
ponent (or components) within the basic module which wili enhance the func-
tional capability or design life of the module but will not alter its basic
external functionai interfaces nor its size (there may be a minor weight var-

iation). The reason for restricting the quantity of basic modules is two-

- fold:

(1) The RDT&E cost, which must be amortized over the using spacecraft,
is minimized with the least quantity of different modules requiring
development (the variants add only a small increment of the cost re-

' ‘quired to develop another basic module)

.(2)- The logistics of supply, storage, refurbishment, and re-use are
simplified with the smallest quantity of basic modules.

7;1.7.3 The Standard Module Inventory. Utilizing the following variables of
data, a set of basic standard modules or variants thereof is developed for each
subsystem of the mission-peculiar spacecraft (using the point-design modules

~as a reference):
a. The design life of the spacecraft (or MMD)

b. The spe01al mission effects (such as spacecraft orientation
to sun)

¢.  The functional requirement of the subsystem

- A standard module inventory developed for the NASA M13$1on Model is brlefly out-

lined in the following paragraphs for four subsystems.

7.1.7.4 8&C Subsystem Stendard Modules. Figure T-1h lists the S&C standard

‘modulés, comprising 6 basic and 3 variants (variants are indicated by the sec-

ond dash number in the module identification number).

T-15
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Module Module . n sign
No. Neme Equipment (te, (1v) | Reference
S&C 1 Precision Sensing Fixed Head Star Tracker (2)|Basic: 1 105 IMSC PE-102
FHST Electronics (2) Redundant IMSC PE-106
Three-Axis Rate Sensor (2 Modules):
Precision Equipment Mount 3
Module Base & Cover
Cables and Connectors
8&C-2 Sensing Sun Aspect Sensor (5) 5 64 IMSC PE-102
SAS Electronics IMSC FE-106
Rate Gyro Package
Control Electronics
Module Base and Cover
Cables and Connectors
S&C-2-1 | Sensing 8&C-2 5 67 IMSC PE-102
+ High Altitude IMSC PE-122
Horizon Sensor
+ HAHS Electronics
S&C-2-2 | Sensing S&C-2 5 75 IMSC PE-102
+ Low Altitude IMSC PE-106
Horizon Sensor (2)
+ LAHS Electronics (2)
S&C-2-3 | Sensing S&C-2 3 T0 IMSC PE-102
+ Velocity Control Accel. IMSC PE-106
+ VCA Electronics
8&C-3 Reaction Torque Reaction Wheel (3) 5 153 IMSC PE-102
(Max angular Reaction Wheel Electronics IMSC PE-106
momentum - Wheel Support & Safety Shield
10 ft-lb-sec/wheel) | Magnetic Torquer (3)
Magnetic Torquer Electronics
Module Base and Cover
Cables and Connectors
8&C-k Momentum Wheel Dual Gimbal Momentum Wheel 7 -228 IMSC FE-122
Momentum Wheel Electronics IMSC PE-126
Wheel Support & Safety
Shield
Module Base and Cover
Cables and Connectors
5&C-5 Spin Axis Control Earth Horizon Sensor (2) 1 53 | IMBC PE-b2
EHS Electronics IMSC PE-4T
Solar Aspect Sensor ’
SAS Electronics
Magnetic Torguer Electr.
Module Base and Cover
Cables and Connectors
5&C-6 Reaction Torque Reaction Wheel (3) 2 260 IMSC PE-146

(Max. angular

momentum =

50 ft-lb-sec/
wheel)

Reaction Wheel
Electronics
Wheel Support and
Safety Shield
Magnetic Torquer (3)
Mag. Torquer Electronics
Module Base and Cover
Cables and Connectors

Fig. 7-14% Standard Modules - Stabilization and Control

T

-7
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The equipment included in each module is listed as is the'aesign life of the
module and its weight. The point-design reference is also shown. The three
veriants to the basic S&C-2 Sensing module each involves the addition of sen=-
sors to the basic module to accommodate various modes of spatial sensing for

different missions.

T.1.7.5 CDPI Subsystem Standard Modules. Figures T7-15a and 7-15b list the
CDPI standard modules, comprising 6 basic modules and 5 variants. Variants

¢bpPI-1-1, CDPI-2-1, CDPI-3-1, and CDPI-3-2 have been included to provide in-

creased design life (internal redundency within the module) of the module for
longer-life spacecraft. Conversely, the variant CDPI-4-1 has been included to

provide a down-rated version of CDPI-I for shorter-life spacecraft.

7.1.7.6 EPS Subsystem Standard Modules. Figures 7T-16a, T7-16b, and 7-16c list

the EPS standard modules, comprising T basic modules and 17 variants. The
large quantity of variants represent simple design extrapdlations of basic
solar array modules. The basic modules, EPS-1, EPS-2, and EPS-U4 are extendable
flexible solar arrays réspectively 6 L, 8 ft,‘and 10 £t wide. Each is designed
tp accept a flexible solar array of varying length. A single motorized extend/

retract boom assembly accommodates the various lengths of extension required.

The variants represent the single hardware variable, a specified length of flex-
ible solar array. These variants will allow a considerable saving in Unit cost
of the modules; application of solar array square footaée reasonably close to
the mission requirement can be made, thereby saving about $2,000 to $3,000 per
.squafe_foot cost Qf solar array overage (excess power above mission requirement).
These solar array length variants account for 15 of the total 17 variants in the

EPS standérd module inventory.

7.1.7.7 ACS Subsystem Standard Modules. Figure T7-17 listé-the ACS standard
‘modules comprising 2 basic moduies and one'variant; ALS;l ié a cold gas (Freon)
" module. ACS-1-1 is a variant which provides a larger gaé storage tank. ACS-2
is a hydrazine-propellant module, utilized for missions fequiring a relatively

large amount of total impulse.

=17
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Module
No.

Module
Name

Equipzent

Wt.
(1bs)

Point Design
Reference

CDPI-1

Band
Cémmunication

K  Band TWTA (2)

(50 watts output)
Ku Band PLL Receiver
Ku Band QPSK

Modulator/Driver
K Band Multicoupler

terface Unit

(High Data Rate)
Module Base and Cover
Waveguide, Cables and

Connectors

85

IMSC PE-103
IMSC PE-106

CDPI-1-1

K Band
C%mmun ication

CDPI-I

+ K, Band TWTA (2)

+ Ku Band PLL Receiver

+ K Band QPSK
Modulator/Driver

120

IMSC PE~103
IMSC PE-106

CDPI-2

S-Band/VHF
Communication

S-Band Transmitter
(10 watts output)
S-Band Receiver
S-Band QPSK
Modulator/Driver
S-Band Multicoupler

Delay Lock Loop Correlator(2)

VHF Transmitter

(5 watts output)
VHF Receiver/Demodulator
VHF Multicoupler
Module Bagse and Cover
Cables and Connectors

IMSC PE-103
IMSC PE-106

CDPI-2-1

8-Band/VHF
Communication

CDPI-2
+ VHF Transmitter
(5 watts output)
+ VHF Raceiver/
Demodulator

IM3C PE-103
IMBC PE-106

CDPI-3

Data Processing

Digital Computer

(16K Memory)
Interface Unit

(Med and lLow Data Rates)
Timer
Module Base and Cover
Cables and Connectors

91

IMSC PE-103
IMSC PE-106

CDPI-3-1

Data Processing

CDPI-3
+ Digital Computer
(16X Memory)

IMSC PE-103
IMSC PE-106

CDPI-3-2

Data Processing

CDPI-3

- Digital Computer
(16K Memory

+ Hi-Rel Digital Computer,
from CDPI-L
(Redundant 8K Memory)

91

IMSC PE-103
IMSC PE-123
(for computer)
IMSC PE-106

Fig. 7-15a Standard Modules - CDPI Subsystem (1 of 2)
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Module
No.

Module
Name

Equipment

Deaign
Life
(Years )

wt.
(1ps)

Point Design
Refarence

CDPI~k

Communication and
Data Processing

Digital Computer, Hi-Rel
(Redundant 8K Memory)
Interface Unit
Command Receiver (2)
Decoder, Command
Decoder, Failure Correct.
Range Tone (Detect, Test and
Switch)(2)
Modulator and Summer (2)
Transmitter, ™ ( lwatt)(2)
Trensmitter, Beacon (lw)( )
Hybr1d Coupler (3)
Misc. Amplifiers,
Gates and Switches (5)
Input Filter
Module Base and Cover
Cables and Connectors

67

IMSC PE-126

IMBC PE-123

CDPI-b-1

Comminicat ion and
Data Processing

CDPI-4

-Command Receiver (1)
-Range Tone (Detect

Test end Switch)(1)
-Modulator and Summer (1)
-Transmitter, ™ (1)
-Transmitter, Beacon (1)
=Hybrid Coupler (3)

55

IM3C PE-123
IMSC PE-126

CDPI-5

Communication and
Data Processing

8-Band TWTA

8-Band Mod/Driver

S~-Band PLL Receiver

S-Band Multicoupler

S-Band Receiver

Delay Lock Loop Correlator
UHF Receiver/Demodulator
Antenna Servo Electronics
UHF Coupler

Tape Transport

Tape Transport Electronics
Digital Computer
Mission~Equip. Interface Unit
Spacecraft Interface Unit
Cables and Connectors
Module Base & Covers

149

IM8C PE-133

CDPI-6

Antenna Module

Antenna (6 ft dish)
Antenna Gimbal & Base
Antenne Feed (S8K Bands)
Rotary Joint (8-Band)
Rotary Joint (K-Band)
Antenna Servo Motors & Gears
Antenna Servo Electronics
Waveguide, Cables and
Connectors

(£

"IMSC PE-103

Fig. 7-15b Standard Modules - CDPI Subsystem (2 of 2)
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Module
No.

Module
Name

Equipment

Design
Life
(Yrs)

Weight
(1vs)

Point Design
Refeérence

EPS-1

Solar Power

Solar Array Container
Extendable Boom Assy.

(Max. Deployed Length=20 ft)
Module Base and Cover

Cables and Connectors
Flexible Solar Array

(6 £t wide x b £t long,

1800 2 x b cm cells)

102

IMSC PE-124
IMSC PE-126

EPS-1-1

Solar Poilex:

EPS-1

-Flexible Solar Array
(6 £t wide x 4 ft long)
+Flexible Solar Array
(6 t wide x 6 ft long,
3000 2 x 4 em cells)

108

IMSC PE-12h
IMSC PE-176

EPS-1-2

Solar Power

EPS-1

-Flexible Solar Array
(6 £t wide x & ft long)

+Flexible Solar Array
(6 ft wide x T ft long,
3600 2 x 4 cm cells)

111

IMSC PE-124
IMSC PE-126

EPS-1-3

Solar Power

EPS-1
-Flexible Solar Array
(6 't wide x 4 't long)
+Flexible Solar Array
(6 It wide x 8 ft long,
L200 2 x 4 cm cells)

114

IMSC PE-124
IMSC PE-126

EPS-1-4

Solar Power

EPS-1
~Flexible Solar Array

(6 ft wide x & ft long)
+Flexible Solar Array

(6 £t wide x 10 ft long,

5400 2 x 4 em cells)

120

IMSC PE-124
IMSC PE-126

EPS-1-5

Solar Power

EPS-1
~Flexible Solar Array

(6 £t wide x 4 ft long)
+Flexible Solar Array

(6 rt wide x 11 ft long,
6000 2 x 4 cm cells)

123

IMSC PE-124
IMSC PE-126

EPS-1-6

Solar Power

EPS-1
-Flexible Solar Array
(6 ft wide x 4 £t long)
+Flexible Solar Array
(6 £t wide x 13 ft long,
7200 2 x b em cells)

129

IMSC PE-124
IMSC PE-126

EPS~1-T

Solar Power

EPS-1
-Flexible Solar Array

(6 £t wide x 4 ft long)
+Flexible Solar Array

(6 £t wide x 18 ft long,
10200 2 x 4 cm cells)

bk

IMSC PE-124 -
IMSC PE-126

EP8-2

Solar Power

Solar Array Container
Extendable Boom Assy.

(Max Deployed Length=35 ft)
Module Base and Cover
Cables and Connectors
Flexible Solar Array

(8 £t wide x 18 ft long,
13600 2 x 4 cm cells)

192

IMSC PE-124
IMSC PE-126

Fig. 7-16a Standard Modules - Electrical Power Subsystem (1 of 3)
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Module
No.

Module

Equipment

Design
Life
(Yrs)

Weight
(1vs)

Point Design
Reference

EPS-2-1

Solar

Power

EP8-2

-Flexible Solar Array

(8 £t wide x 18 £t long)
+Flexible Solar Array

(8 £t wide x 20 ft long,
15200 2 x 4 cm cells)

200

IMSC PE-12h4
IMSC PE-126

EPS-2-2

Soler

Power

EP8-2
-Flexible Solar Array
(8 ft wide x 18 ft long)
+Flexible Solar Array
(8 £t wide x 21 ft long,
16000 2 x 4 cm cells)

20k

IMSC PE-124
IMSC PE-126

EPS-2-3 »

Solar

Power

EPS-2

-Flexible Solar Array

(8 £t wide x 18 ft long)
+Flexible Solar Arrasy

(8 £t wide x 22 ft long,
16800 2 x 4 cm cells)

208

IMSC PE-124
IMSC PE-126

- EPS-2-4

Solar

Power

EPS-2
-Flexible Solar Array

(8 £t wide x 18 £t long) .
~ +Flexible Solar Array

(8 £t wide x 25 £t long,
19200 2 x 4 em cells)

220

LMSC PE-124
IMSC PE-126

EPS-2-5

Solar

Power

EPS-2
-Flexible Solar Array
(8 £t wide x 18 ft long,
+Flexible Solar Array
(8 £t wide x 27 ft long,
20800 2 x Lk cm cells

228

IMSC PE-124
IMSC PE-126

EPS-2-6

Solar

Power

EPS-2

-~Flexible Solar Array

(8 £t wide x 18 ft long)
+Flexible Solar Array

(8 £t wide x 33 ft long,
25600 2 x 4 cm cells)

252

IMSC PE-124
IMSC PE-126

EPS-3

Solar

Power

Solar Panel
(20.0 x 26.9 1in.,
396 2 x 4 cm cells)

6.4

IMSC PE-Lb

Fig. 7-16b Standard Modules - Electrical Power Subsystem (2 of 3)
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Modul Desen Weigh
Module ule Life eight Point Design
No. Name Equipment {yrs) (1bs) Reference
tps-h Solar Power ® Solar Array Container T 320 IMSC PE-124
® Extendable Boom Assy IMSC PE-126
{Max Deployed Length
= 55 ft)
& Module Base & Cover
& C(Cables & Connectors
® Flexible Solar Array
(10 £t wide x 32 ft
long, 31000 2 x 4 cm
cells)
EPS-l-1 Solar Power EPS-4 7 360 IMSC PE-12h
- Flexible Solar Array IMSC PE-126
(10 £t wide x 32 ft
long) .
+ Flexible Solar Array
(10 £t wide x Lo ft
long, 39000 2 x 4 cm
cells)
[EPsS-L4-2 Solar Power EPS-4 7 Las IMSC PE-124
- Flexible Solar Array IMSC PE-126
(10 ft wide x 32 ft
long)
+ Flexible Solar Array
(10 £t wide x 53 ft
long, 52000 2 x 4 cm
cells)
EPS-5 Solar Array . Drive Motor Assy 5 76 IMSC PE-124
Drive Slip Ring Assembly IMSC PE-126
Drive Electronics
Module Bese and Cover
Cables and Connectors
EPS-6 Battery Power N1Cd Battery, 4OAH (2) 5 (Depth of dis- 206 IMSC PE-104
) Charge Controller (2) charge and Charge IMSC PE-106
Module Base and Cover Discharge cycle IMSC PE-12L
Cables and Connectors to be controlled)
EPS-6-1 [ Battery Power EPS-6 3 178 IMSC PE-104
' -NiCd Battery, 40AH(2) IMSC PE-106
+N1Cd Battery, 20AH(2) IMSC PE-124
EPS-7 Power Power Distribution Unit 5 120 IMSC PE-104
Distribution Regulator Converter IMSC PE-106
Module Base and Cover IMSC PE-124
Cables and Connectors
EPS-7-1 Power EPS-T 5 164 IMSC PE-104
: Distribution + Regulator Converter IMSC PE-106
_IMSC PR-124
Fig. 7-16c Standard Modules - Electrical Power Subsystem (3 of 3)
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' Design :
Module Module Weight Point Design
No. Name Equipment &‘iﬁ? (1vs) Reference
ACS-1 Attitude Storage Tank, 16 in.OD 3 101 IMSC PE-105
Control - Regulator Valve Assy (ary) | IMSC PE-106
Cold Gas F111 Valve .
Thruster Cluster
Pressure Transducer (2)
Temperature Sensor(2)
ACS Electronics
(part of S&C subsystem)
Module Base and Cover
Plumbing
Cable and Connectors
ACS-1-1 Attitude ACS-1 3 136 IMSC PE~105
Control - -Storage Tank, 16 in OD (ary) | LMSC PE-106
Cold Gas +Storage Tank, 22 in OD
ACS-2 Attitude Storage Tank, 16 in OD 5 98 IMSC PE-125
Control - Fill Valves (2) (dry) | mMsc PE-126
Hydrazine Thruster Cluster

Filter

Pressure Transducer

Temperature Sensors (2)

ACS Electronics (part of
8&C Subsystem)

Module Base and Cover

Plumbing

Cables and Connectors

" Heater, Strip

Fig. 7-17 Standard Modules - Attitude Control Subsystem

T.2 Assignment of Standard Subsystem Modules to Mission-Peculiar Spacecraft

T.2.1 General Selection Approach

From the inventory of standard subsystem modules (from 7.1.7), & set of modules

can be selected for each mission spacecraft in accordance with the following

‘rules:

Select the least quantity of different modules requlred to
accommodate each subsystem requirement.

Select a module, or multiple thereof with capability closest
to the mission spacecraft requirement (at least equal but

with minimum excess capability).
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T.2.2 Specific Assignment of Standard Modules

The actual assignment of modules to a group of mission-peculiar spacecraft can
be recorded on a listing of the various missions. Figure 7-18 shows a portion
of such a listing; The module selected must match or exceed both the function-
al requirement and the design life of the mission-peculiar spacecraft. The
module numbers are from the listing provided in previous par. 7.1.7. The com-
plete listing of aésignment of the standard modules to all spacecraft in the
NASA Mission Model is included in an IMSC separate report "Parametric Analysis
of Standard Space Hardware - Task 1.3 of Payload Effects Follow-On Study",
IMSC-D154649, dtd 31 January 1972.

T.3 Weights and Sizes of Future Shuttle Payloads

Using the selected set of low-cost standard modules as a base, the weights and
sizes of each of the future spacecraft can be estimated. Because the standard
modules include all of the attributes of low-cost, refurbishable designj the

weight of a future low-cost spacecraft, whether inclusive of standard modules

or totally mission-peculiar, is the same.

T-3.1 Weight Estimating Methodology

a. Module Weight

The weight of each module is obtained from the module listing in

7T.1.7. The module weight is a major factor in the total payload
weight.

b. Spaceframe Weight

The weight of mission-peculiar spacecraft elements is estimated,
using low-cost point designs as data points from which to extra-
polate. Included are weights of the structural spaceframe and
mechanisms, the integral electrical wiring, and the Environmental
Control subsystem.

c. Total Dry Weight

This weight is the sum of the modules (exclusive of ACS propel-
lent) and the spaceframe.

T-2k
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Missien s&C A CoPI EPS ACS
Mod. Yo. QLY. - No. T QEy. [[Mod. No. | QEy. [ Mod. No. [ &Y.
1 | Astronomy Explorer S&C-1 2 CDPI-1 1 EPS-1-1 2 ACS-1 4
Des. Life = 3 yr S&C-2 1 CDPI-2-1 1 EPS-5 2
LEO | s&c-3 1 CDPI-3-1 1 || eps<6 1
200 W CDPI-6 1 EPS-T 1
2 | Astronomy Explorer B §5&C-2-1 1 CDPI-2 1 ||EP8-1- 2 [AcS-1 L
Des. Life = 3 yr 8&C-4 1 CDPI-3-1 1
HE CDPI-6 1 EF8-5 2
200 W EFS-6 1
EPS-7 1
3 Magnetosphere-Low S&C-5 1 CDPI-2 1 EPS-3 32 NA
Des. Life = 1 yr CDPI-3 1 ||Eps-6 1
LEO EPS-7 1
200 W .
4 Magnetosphere-Middle 5&C-5 1 CopI-2 1 EPsS-3 8 NA
Des. Life = 1 yr CDPI-3 1 EPS-6-1 1
HE EPS<T 1
100 W
5 Magnetosphere-Upper 5&C-5 1 CDPI-2 1 EPS-3 8 NA
Des. Life = 1 yr CDPI-3 1 EPS-6-1 1
HE EPS-7 1
100 W
6. 0s0 N S&C-1 1l CDPI-1 1 EPS-1-5 2 ACS-1 L
Des. Life s&C-2 1 CDPI-2 1 EPS-6 2
LEO S&C-3 1 CDPI-3 1 EPS-T 1
500 W ‘N % CDPI-6 1
[ — . £
\- A
T5 | TIRCE Op. Mzt. 8&C-2-2 1 CDPI+2-1 2 PS-1-5 2 ACS-1 &
Des Life = U yr 8&C-b 1 CDPI-3-2 1 [EPS-6 2
1EO CDPI-6 1 EPS-T-1 1
300 W
76 | Sync. Met. S&C-1 2 CDPI-2 1 EPS-1-2 2 ACS-2 4
Des. Life = 2 yr S&C-2 1 CDPI-3 1 EPS-5 2
Syneq 8&C-3 1 EP3-6-1 1
koo w EPS-T 1
TT | Polar ER S&C-1 2 CDPI-1 1 EPS-2-~5 2 ACS-1-1 4
Des. Life = 2 yr S&C-2 1 CDPI-2 1 EPS-6 3
1EQ : S&C-3 1 CDPI-3 1 EPS-T 1
1000 W CDPI-6 1
78 | Sync. ER S&C-1 2 CDPI-1 1 |lEPS-1-2 2 |jAcs-2 4
Des. Life = 3 yr S&C-2 1 CDPI-L-1 1 EPS-5 2
Syneq S&C-3 1 EPS-6 1
Loo W : EPS-T 1

Fig. 7-18 Assignment of Standard Modules to Mission-Pecullsar Spacecraft

(Partial Listing)
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d. Expendables

The approximate total impulse for performing the particular mission
is estimated. This is converted to propellant weight, allowing rea-
sonable overages. -

e. Experiment/Sensor Weight

The baseline (NASA-supplied) weight of the experiment/sensor package
is extrapolated, assuming a low-cost design has been implemented (in-
creased weight and volume; reduced cost). Specific analysis should
be done to isolate those hardware elements which can show & cost
benefit from weight increase.

f. Weight Summary

The aforementioned weights can be summarized on & chart for each
mission. Figure T7-19 1s an example of a summary. The numbers on
the left margin identify the mission.

Future Payload Weights
Total | Spaceframe, Total _ Total . Payl
Module | ECS, etc. Dry oy | g/c i‘f‘;‘; : w:{g;:"
Weight Weight Welght Welght
1 1900 2090 3990 140 k130 hos bs60
2 1665 1080 2745 140 2890 ks 3320
3 781 860 © 16ko - 16ko 340 1980
L 571 370 9ko - 9ko 310 1250
5 571 370 /A\i9ho - 9ko ) 260 1200
\/ \

Fig. 7-19 Weight Summary of Future Payloads

' 7.3.2 Volume Estimates

A significant result of application of standard modules to many different mis-
sions has been the emergence of what appears to be also a potential standard-
ization of spacecraft structures and attendant payload overall dimensions.

With the exception of the large astronomical observatories and a few very spe-~
cialized mission configurations, the mission payloads can be "standardized" in-
to rectangular arrangements, approximately 8 ft wide and 6 ft high with length
varying from 7 £t to 20 ft.
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The estimates for the dimensions of the future payloads are influenced prin-

cipally by two factors:

(1) The cumulative volume of the spacecraft equipment modules, allowing
extra volume for later changes to module-set complement or addition
of modules for expanded or updated experiment support.

(2) The probable volume of a low-cost, modularized experiment package.

7.3.3 Future Payload Weights and Dimensions

Figure T-20 is a listing of estimated weights and dimensions of future pay-

loads for missions on the NASA Mission Model.

7.4 Design of Standard Spacecraft

7.4.1 Basic Types of Standard Spacecraft

Standard Spacecraft.are multi-mission spacecraft; they are able to support
several different mission experiment packages, one package on any particular
mission. To do this the Standard Spacecraft may either (1) carry the standard
subsystem modules satisfying the most demanding mission every time, or (2) may
make use of alternate standard modules for each mission wherein the module
capability more closely matches the requirements of the particular mission to

be flown.

Among the various possibilities for low-earth-orbit (LEO) Standard Spacecraft
there are two "matural" contenders: (a) One type for low inclination orbits

to support the observatory missions ILST, LRO, LSO, and HEAO, and (b) another
type for sun-synchronous orbits to support the EOS-type missions. The avail-
ability of both basic modules and variants allows the subsystem over-capability
to be at a minimum. This approach to‘subsystem implémentation is so flexible,
that the only basic differences between Standard Spacecraft types will be in
the physical experiment package support, which will be reflected mainly in the

detail spacecraft structural design.
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Des. agﬁﬁne Future Payload Wei ;("i(l:) Future fﬁyj)[oaa
Mission Life Exper. c ay Loa Size (ft
(yr) [Foiese § &P s/ Total (1) (2)
1 | Astronomy Explorer 3 860 430 k130 4560 8W x 6H x 17L
2 | Astronomy Expl. B 3 660 430 2890 3320 10W x 6H x 12L
3 | Magnetosphere=Low 1 1160 3ko 16L0o 1980 6 Dia x 8L
4 | Magnetosphere-Mid. 1 965 310 940 1250 S Dia x 6L
5 | Magnetosphere-Upper 1 580 260 9ko 1200 5 Dia x 6L
6 | 0s0 1 1900 970 k110 5080 10W x 6H x 17L
T | Gravity Relativity 1 1450 680 Lhoo 5080 10W x 6H x 1TL
8 | Gravity Relativity 1 L8s 400 2820 3220 10W x 6H x 12L
9 { Radio Interferometer 3 10350 6630 3140 9770 ik Dia x 12L
10 | Solar Orbit Pair-A 5 1820 1280 2990 4270 10W x 6H x 1L
11 | Solar Orbit Pair-B 5 2kko 1280 3600 L880 10W x 6H x 14L
12 | Optical Interferom. 5 3040 1280 3220 k500 10W x 6H x 1b4L
13 | HEAO ' 2 20750 18000 8090 . 26090 14 Dia x 4OL
15 | 1sT 2 21300 14000 8260 22260 14 Dia x 45L
17 | 180 2 26810 12000 T9L40 199L0 14 Dia x 55L
19 | 1RO 2 19300 13000 8880 21880 14 Dia x 45L
21 | Polar EOS 2 2500 1600 5820 T420 10W x 6H x 22L
22 | sEo 2 1000 600 3490 Logo 10W x 8H x 8L
23 | Earth Physics 2 580 koo 3660 Lo6o 10W x 6H x 15L
24 | sync. Met. 2 1000 kso 3560 4010 10W x 8H x 8L
25 | TIRCS 5 1000 600 L1go 4790 10W x €H x 17L
26 | Polar ERS 2 2500 1600 5820 Th20 10W x 6H x 22L
27 | Sync. ER 2 1000 520 3490 Lolo 10W x EH x 8L
28 | ATS ’ 5 7950 3000 Looo 7000. 10W x 8H x 1k4L
29 | Small ATS-B 1 600 600 3370 3970 10W x 8H x 8L
30 | Small ATS-A 1 600 . 600 Lo20 4620 10W x 6H x 1T7L
31 | Coop ATS-A 2 820 500 3540 Loko 10W x 8H x 8L
32 | Coop ATS-B 2 820 500 Lalko. 470 10W x 6H x 17L
33 | Medical Network 5 2000 1000 3720 L720 10W x 8H x 10L
3k { Educ. Broadcast 5 3400 1700 4380 6080 10W x 6H x 12L
35 | F.0. Sys. Demonst. 5 2000 1000 3640 Lelo - 10w x 8H x 10L
36 | TDRS 3 2300 1200 3230 k430 10W x 8H x 10L
S0 | Mars Viking 1 7570 k200 21800 26000 1k Dia x 20L
51 | Mars Sample Ret. 3 10290 NA NA
52 | Venus Expl.-Orb. 1 970 600 9380 9980 8W x 6H x 20L
53 | Venus Radar Map. 2 7630 800 10980 11780 8w x 8H x 20L
5S4 | Venus Explor.-Idr. 1 7260 2koo 15970 18370 14 Dia x 12L
55 | Jup. Pioneer Orb. 2 900 NA NA
56 | Grand Tour (JUN) 9 1480 NA NA
57 | Jup. TOPS Orb. 3 3180 NA NA
S8 | Uranus TOPS Orb. 7 3580 NA NA
59 | Asteroid Survey 4 18Lo NA KA
60 | Comet Rendezvous 4 1200 NA RA
T0 | COMSAT 5 1420 600 3210 3810 10w x 8H x 8L
71 | US Dom. Comm. 7 3425 1700 Lo70 5770 10W x 8H x 12L
72 | Foreign Dom.Comm. 5 1000 500 2900 3k00 10W x 8H x TL
73 | RAV/Traf.Contr. B 5 700 500 2730 3230 10W x 8H x TL
T4 | NAV/Traf.Contr. A 5 700 500 2600 3100 10W x 8H x 7L
75 | TIRCS Op. Met. N 1000 600 kigo L4190 10W x 6H x 17L
76 | Sync. Met. 2 1000 450 34Lo 3890 10W x 8H x 8L
77 | Polar ER 2 2500 1600 5820 Th20 10W x 6H x 22L
78 | Sync. ER 3 1000 520 3490 koo 10W x 8H x 8L

)

Size inclusive of spacecraft plus experiment packages
Future payload incorporates low-cost and refurbishable features

Fig. 7-20 Future Payload Weights & Dimensions
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Assuming the implementation of the aforementioned two types of Standaerd Space-
craft, there remains a group of IEO missions with small experiment packages,
end with experimehtésupport requirements that could be satisfied by a third
standard spacecraft type.

Herein, only LEO missions are considered for the application of Standard Space-
craft. Future applications, however, may be expanded readily to cover syn-
chronous orbit and other high energy orbit missions. For example, the IMSC-
designed Communications Satellite (Ref. PE-126 - see Volume II) may be adapted
with minor changes to handle a variety of communications missions in Syneq

orbit.

7.4.2 Typical Standard Spacecraft Designs

Preliminary point designs of three Standard Spacecraft have been documented

in IMSC Engineering Memos (copies are in Volume II of the Design Guide) :

Engineering
Standard Spacecraft Memo
Standard EBarth Observatory PE-156
Spacecraft .
Standard Astronomical Observatory PE-146
Spacecraft
Standard Communication PE-126
Spacecraft

The following paragraphs provide the principal features of these spacecraft.

7.4.2.1_ Standard Earth Observatory Spacecraft. A single basic Standard Space-

craft, numbered SSC-3, can support three NASA missions; a variant of this

spacecraft, S5C-3-1, can support an additional two missions:
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Standard NASA Total
Spacecraft Mission Flights
SSC-3 21 Polar EOS .
‘ 26 Polar ERS Lo
Tf Polar ERS
—
25 TIROS
SSC-3-1 75 T0S Mot .15

The single spacecfaft can therefore support 5 missions and 55 flights. The

potential for RDT&E cost saving is quite significant.

The basic spacecraft is configured to support earth resources missions; the
variant will support meteorological missions. The description of the typical
EOS presented in par. T.l.6 is pertinent also to the SSC-3 Standard Spacecraft

with the following minor modifications :

a. A second Precision Sensing module, S&C-1, is added to the Stabiliza-
tion and Control Subsystem to increase the ultimate accuracy of the
subsystem.

b. The rigid-panel solar array installation is replaced by two flexible
solar array modules, EPS-2-5. Modularization of the solar array
facilitates the substitution of other flexible solar array modules
such as EPS-2-6 or EPS-1-5 as the total average power requirement
of the spacecraft varies from mission to mission.

c¢. The four Attitude Control modules, type ACS-1 are replaced by four
ACS-1-1 modules, each of which has a 22" diameter gas storage tank
rather than the 16" diameter storage tank of the ACS-1 module. The
quantity of cold gas propellant (Freon 14) per module is increased
from 35 1bs to 100 1lbs to provide for drag makeup in a 270 nm cir-
cular orbit. (The point-design Earth Observatory Satellite described
by PE-126 (Volume II) was designed initially to operate in a 485 nm
circular orbit with attendant lower drag).

T7.4.2.2 Standard Astronomical Observatory. A single basic Standard Space-

craft, identified SSC-2, with two minor variants for the electrical power

subsystem; can accommodate all of the large-observatory missions:
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Standard
Spacecraft NASA Mission
13 HEAQ-C
SsC 2 15 ILarge Stellar Telescope
SsC-2-1 17 Iarge Solar Observatory
gsc-2-2 19 Large Radio Observaﬁory

A preliminary conceptual design of a Typical Standard Astronomical Observatory
Spacecraft is described in IMSC Engineering Memo PE-1L6 (Volume II). The fol-

lowing paragraphs provide an outline of its principal characteristics.

a. General Deécfiption

" The Standard Astronomicel Observatory Satellite which includes spacecraft and
experiment package, is expected to be flown in a standard circular orbit at
324k nm altitude and-30o inclination to facilitate the revisit of several ob-

servatories by a single Shuttle flight.

Figure T-21 depicts’the general configuration of a typical Standard Large

Astronomical Observatory Satellite with an IST payload shown in phantom.

b. Solar Array Orientation

‘In flight the +X axis is pointed at a target star and the payload is rolled
“about the X axis until the center line of the solar arrey is normal to the
satellité/sun line. The solar arfay is then rotated about its center line
until the-surfacé of the array is normal to the solar radiation. For every
p01nt1ng dlrectlon of the IST an appropriate combination of satellite roll
and solar array rotation maintain the array surface normal to the solar rad-

jation.
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o
e

. ////Typical Large
AN -« Observatory Experiment
‘ (1ST, HEAO, LRO, IS0)

Extendable/Retractable
Sun-Orienting Solar Array

Fig. 7-21 Typical Standard Spacecraft for lLarge Astronomical Observatory

c. Communication Link to TDRS

The gimballed antenna provides communication with the Tracking and Data Relay
Satellite (TDRS) network. Rotation of the antenna about the X axis and about
an axis parallel to the Y axis ensure access to one TDRS fqr every pointing
direction of the IST, thus providing real-time communication and eliminating
any requirement for bulk data storage on-board the observatory spacecraft. The

antenna mount is hinged to permit access to the large central payload compart-
ment,

d. Spacecraft Structure

The spacecraft structure and a universal adapter to fit the four different ex-
Periment packages, designed in accordance with the low-cost design guidelines

in Section 6.2, is made up of commercially-available aluminum sheet and extru-
sions. Twenty-four compartments for standard subsystem modules are provided

as shown in Fig. 7-22.
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Location Module Location Module
A;l Secondary Sensing J E-1 Empty
A-2 Empty E-2 Empty
A-3 S-Band/VHF Communicetion E-3 Power Distribution
A-L K, Band Communication E-L Battery Power
B-1 Empty Pl Precision Sensing
B-2 Empty , F-2 Battery Power
B-3 Reaction Torque F-3 Battery Power
B-4 Attitude Control F-4 Attitude Control
c-1 Empty G-1 Empty '
c-2 Solar Array Drive G-2 Soler Array Drive
.C=-3 Empty G-3 Empty
C-k Empty G-4 Empty
D-1 Precision Sensing H-1 Empty .
" D=2 Battery Power H=-2 Data Processing
D-3 Battery Power H-3 Reection Torgue
D-4 Attitude Control . H-l Attitude Control

Fig. 7-22 Subsystem Module Locations - Standard Large Astronomical Spacadraft_
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The equipment compartments are closed by non-structural.thermal-protection

doors.

Four machined fittings are provided for handling the spaceéraft and for support-
ing it in the Shuttle cargo bay. The experiment packagé'for HEAO, LST, LSO, or

LRO is assumed to be designed to mate with an interchangeable bolt circle on

the adapter ring. The internal cavity of the spacecraft structure provides for

major additional ekperiment modules such as the LST on-axis instrument modules,

which may be serviced by opening a large accordion-pleat type door on the aft

end of the spacecraft.

T7.4.2.3 Standard Spacecraft for Miscellaneous IEO Missions. A third basic

Standard Spacecraft, designated SSC-1, with five variants, SSC-1-1 through

S58C-1-5 can support six missions:

siﬁiiiiiit NASA Mission | _nggiis
SsC-1 6 080 1
SSC-1-1 1 Astronomy Explorer A | 15
SSC-1-2 T Gravity/Relativity 2
SSC-1-3 23 Earth Physics T
SSC-1-4 30 Small ATS 12
SSC-1-5 32 Coop ATS 2

A common set of Stabilization & Control modules is used in all versions. The
Sensing Module S&C-1 is redundified for missions 1, 23, and 32. All variants

are created by alternate sets of CDPI and EPS modules.

This spacecraft represents a single RDT&E cost to accommodate 6 different mis-
sions and, if all missions were accomplished with expendable spacecraft; rep-

resents a total of 39 spacecraft.
T-34

.LOCKHEED MISSILES & SPACE COMPANY



IMSC-D154696
Volume T

7T.4.2.4 Stendard Communication Satellite. A point design of a typical Standard

Spacecraft for synchronous equatorial orbit is represented by the long-life (5
years or more) Communications Satellite discussed in par. 7;1.6. This prelim-
inary design and analysis leads to the conclusion that a Standard Spacecraft;
incorporating standérd subsystems, can be readily designed to perform all of

the Synchronous orbit earth observation missions.

The basic development of such a Syneq orbit Standard Spaceéraft would parallel
the approaches described for the ILEQO Standard Spacecraft. .

7.4.3 Application of;Standard Subsystems to Standard Spacecraft

The three basic Standard Spacecraft for LEO missions described in pdr. T.k.2.1,

- T7.4.2.2, and T.4.2.3 were configured to accept standard modules.

Standard modules have been selected for each of the four subsystems and for
- each of the missions performed by the three basic Standard Spacecraft. Figures
T-23a and T-23b are a tabulation listing the assigned standard modules (previous-

ly described in detail in par. 7.1.7).

7.5 Design of Cluster Spacecraft

7.5.1 Common Orbits for Spacecraft

In the general approach to standardization of space hardware, it is first de-
sirable to inspect the set of missions to determine if some'consolidation of
mission orbits is feasible. This was done for a group of LEO missions listed
in the'NASA Mission Model. These missions are listed in four groups on Fig.

T-2L.

-A large group of missions caﬁ be combined into a 300 low-inclination orbit at
600 km (Combination A). Other missions can be grouped into two different sun-
‘synchronous orbits at 97.40 inclination aﬁd 500 km; one for noon-midnighf and
the other for dawn/dusk (combinations B and C, respectively). The 5 remainirg
‘missions are not readlly combinable. This mission combination lays the base

for application of Cluster Spacecraft.
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S5td. Mission 8&C Subsystem CDPI Subsystem EPS Subsystem ACS Subaystem
sM/nC No. Name Module No. | Qty.|| Module No. Qty.lModule No. Qty.liModule No. Qty
85C-1 6 |080 S&C-1 1 || copr-1 1 [{Eps-1-5 2 [{acs-1 N
a5 S&C-2 1 || copr-2 1 ||Eps-6 2
8&C-3 1 || cppI-3 1 |lEPS-T 1
CDPI-6 1
§8C-1-1 1 |Astronomy- | [(B&C-T T "T 2] || CDPI-1___ 1 (EPSST-1" |~ 7] #acs-1 4
Explorer A || 8&C-2 1 DEYI- 0 B-5_ | 2
8&C-3 1 jifcopi-2-1 | 1f |EBS=6_ _ [ 1
CDPI- ol |lErs=7 1
|@Pr-3-_
CDPI-6 1
SSC-1-2 7 | cravity/ S&C-1 1 (| e 7 0] ||EPSSTs5 9 [acs-1 4
Relativity | S&C-2 1 || cppr-2 1 ||[ERS-2-2° 1 T3
s&C-3 1 (|eoopr-3 | 1 (fEPS-6 1
EoFI=6 __ 1. 0) ||EFS-T 1
$SC-1-3 23 |Earth . (Sec-1— | 72| [GoPIT T T 0] ||EPS-1-5_ | 2 |lacs-1 4
Physics S&C-2 1 || copI-2 1 |EBS- “ T 1
8&C-3 1 | cop1-3 1 |[EPST T,
CDPI-6 1
SSC-1-4 30 |Small ATS | S&C-1 1 || [CoP1sT 1 0] [|EPS-1-5 j:_Bq ACS-1 4
S&C-2 1 || copr-2 1 |[EPS-1ZT | 2]
S&C-3 1 || cop1-3 1 [[EPS=6 2
. CDPI-6 1 |EPS-T 1
88C-1-5 32 [Coop ATS (EEC-I. T~ 121 [@BfT ——| 7] =155 ____50 ACs-1 b
S&C2 1 CDPI-2 1 17
S&C-3 1 CDPI-3 1 EPS-6 2
CDPI-6 1 EPS-T 1
13 | HEAO-C S&C-1 2 CDPI-1 1 EPS-2-4 2 |[ACS-1-1 4
§ (Baslc B&C-2 1 CDPI-2 1 EPS-5 2
8%C-6 2 CDPI-3 1 EPS-6 5
CDPI-6 1 EPS-T 1
[ssc-2 ) || 15 | arge S&C-1 2 CDPI-1 1 EPS-2-4 2 |[lacs-1-1 4
Y (Basic Stellar S&C-2 1 CDPI-2 1 EPS-5 2 .
Telescope || S&C-6 2 CDPI-3 1 EPS:6 5
CDPI-6 1 EPS-T 1
§sc-2-1 17 | large S&C-1 2 CDPI-1 1 Eps-2-4 | 2 [lAcS-1-1 "
Solar 8&C-2 1 CDPI-2 1 [ERs- 170
Observa- 8&C-6 2 CDPI-3 1 EPS- 5
tory CDPI-6 1 ERS-7 1
§8C-2-2 19 | Iarge S&C-1 2 CDPI-1 1 [EPs=2=L_1 9] lacs-1-1 4
Redlo S&C-2 1 CDPI-2 1 EPS-2-6 | 2
Cbserva- S&C-6 2 CDPI-3 1 EPS-5 | 2
tory CDPI-6 1 |ERSE__ &)
EPS-T 1

Fig. 7-23a Standard Modules Assigned to LEO Standard Spacecraft
(Sheet 1 of 2)
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g;‘é Mission S&C Subsystem CDPI Subsystem EPS Subsystem || ACS Subsystem
No No. Neme _ tiodule No. TQty. llModule No. T Qty. Module No.lGty. [Module No.] Gty
26 | Polar ERS || S&C-1 2 CDPI-1 2 EPS-2-5 2 [lAcs-1-1 N
Nasic 8&C-2 1 CDPI-2 1 EPS-6 3
S&C-3 1 CDPI-3 1 EPS-T 1
CDPI-6 1
SsC-3 77 |Polar ERS | s&C-1 2 CDPI-1 2 EP8-2-5 2 [acs-1-1 L
@slc 8&C-2 1 CDPI-2 1 EPS-6 3
S&C-3 1 CDPI-3 1 EPS-7 1
CDPI-6 1
I
(ssc-3 ) | 21 | Polar Eos | s&c-1 2 CDPI-1 2 EP§-2-5 2 [acs-1-1 N
Basic 8&C-2 1 CDPI-2 1 EPS-6 3
8&C-3 1 CDPI-3 1 EPS-7 1
CDPI-6 1
§8C-3-1 25 | TIROS s&c-1__ [ 0 [@Fr1__ [ o] lEps-1-5 | 2 P@E:;__ ___fjﬁq
S S&c-2___ 1 0o 'eDPI-2 ) Egs 2-5___ |01 {lacs-1-1 0
|Sec-22 _ 11 |[copr-2=1 2 2 N
's&c-3___ 1.0 |'copPI-3 0 EPS 7 0
js&C-k | 1) [c‘nﬁ-“é‘%;_ TT1] |[EPs-T7-1 1
CDPI- i
850-3-1 75 | T8 Met S&C-1___ ___3:] T EPS-1-5 .| 2 s-1_ _,__h" :
2o — o B S S
8&0-2-2 1 lcppI-2-1 i{ EPS-6 2 ',
s&C-3 | _o'! |[[DPI-3 T_1701 |lEPS-T7 0
8&C- 1 §§§I;é;a____,gg| EPS-T-1 1
CDPI- 1

Note: Modules shown as [-XX-Xj are variants to the basic SSC complement of standard subsystem

modules.

Fig. 7-23b Standard Modules Assigned to LEO Standard Spacecraft '

Composite Mission Baseting Misslons
Comb. (KlM) Incl. Orbit Flem“ ing Mission Name ﬁl “Incl.
' Astronomy Explorer A % 2.8°
0-¢ £50 &g '
A oo X - LSt ‘
)
1 r EQS ﬁ $S
w.0 Noon/ 5 TIROS 1010 SS
B | 500 | s‘s Mid- 26 Polar ERS S
night I3 TOSMQS.? 1300 1
44 P
¢ |s00 91. Dawn/ 26 Polar ERS 9 Ss
ss lousk [ 77 RS %’_&,
3 Magnetosphere - Low 2ml 90’50-
Not 7 GravityRelativity 93| 9P
- Combinable ) Earth_Physics 10| 900
0 Small ATS ;f;gel %0
R Co-op ATS

Fig. 7-24 Candidates for LEO Mission Combination
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T.5.2 Concept of Cluster Spacecraft

Cluster Spacecraft are multimission spacecraft that are capable of supporting
several missions at the same time. Within limits, thelir modular subsystem com-
plements can be changed in orbit to match the requirements of later (as yet un-

defined) missions.

The prerequisites for the initiation of a Cluster Spacecraft concept are the
coincidence of mission orbits, and of flight schedules for compatible payloads.
The cost benefits of Cluster Spacecraft, which are in addition to the potential
savings due to equipment module standardization, are derived from the sharing
of Shuttle transportgtion costs for the placement and servicing of multiple
payloads. With the sharing of transportation costs among missions, the cost of

in-orbit payload repair and refurbishment also is reduced.

The special advantages of the Cluster Spacecraft lie in the facts that (1) no
maneuvering is required by the Shuttle to visit a number of experiments simul-
taneously, (2) that the number of spacecraft placement launches are reduced,

and (3) that the total subsystem support requirements per Cluster mission are

smaller than the sum of those for the equivalent mission-peculiar spacecraft.

T.5.3 Types of Cluster Spacecraft

One set of missions seems to be predestined to fly on a Cluster; it includes
all the IEO earth observation, earth resources, and meteorology missions. The

sensors for these missions operate with a minimum of mutual interference.

Another group of missions with similar support requirements are the large astro-

nomical observatories In low-inclination orbit.

It has been determined that it is feasible to design a Cluster Spacecraft to
perform the HEAO and IST missions simultaneously and have additional capability
to support Astronomy Explorer or 0SO missions. This Cluster Spacecraft heas
been designated C3C-1.
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The same basic Clustér Spacecraft design will also perform the ISO and LRO mis;
sions simultaneously with minor exchange of electrical modules to provide addi-

~tional power. This Cluster variant is designated CSC-1-1.

7.5.4 Application of Standard Modules to Cluster Spacecraft

Figure T7-25 identifies two basic Cluster Spacecraft CSC-1 and CSC-2, and the

one variant, namely CSC-1-1. The standard modules assigned to each are iden-

‘tified (standard modules described in T.1.7).

Cluster Mission S&C Subsystem CDPI Subsystem| EPS Subsystem | ACS Subsystem

P

W N

s/c.
No. No. Name Module No. | Qty. [IModule No. | Qty. Module No. | 9ty. [ Module No. | Qty.
csc-1, 1,|Stellar S&C-1 2 CDPI-1 1 EPS-k* 2 ACS-1-1 L
gsic 6 || Oriented 5&C-2 1 CDPI-2 1 EPS-5 2
13| Observa- S&C-6 3 CDPI-3 1 EPS-6 8
. 15 }| tory . CDPI-6 1 EPS-T 1
Cluster
csC-1-1 17)| Solar/ ' [ s&c-1 2 | copr-1 1 ||ees-B o] |lacs-1-1 4
19]| Stellar S&C-2 1 CDPI-2 1 |EPs-u-1* 2
Oriented | 5&C-6 3 CDPI-3 1 EPs-z 0
Observ. CDPI-6 1 @S-__ 10
Cluster EPS-T T
Csc-2 21] | sac-v 2 | copr-1 2 |lees-b-2x | 2 flacs-1-1 I
asic Sup-8yne. CDPI-2 1 EPS-6
25 3| Barth Obs | sgc-2 1 CDPI-3 1 EPS-7 1
26 || Cluster CDPI-6 1
7 S&C-6 1
2
Notes: * The three different modules marked with asterisk are new module variants reguired

only for the cluster spacecraft.
*¥% Modules shown es[XX-X lere variants to the basic SSC complement

Fig. 7-25 'LEO Cluster Spacecraft & Standard Module Assignment
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7.5.5 Typical Cluster Spacecraft Designs

Preliminary conceptual designs of typical Cluster Spacecraft have been documented

in IMSC Engineering Memos (see Volume II):

Engineering
Cluster Spacecraft Memo
Cluster Astronomicsal
Observatory Spacecraft PE-186
Cluster Earth
PE-166
Observatory Spacecraft L

Principal characteristics of these spacecraft are outlined in the following

paragraphs.

7.5.5.1 Cluster Astronomical Observatory Spacecraft.

a. (eneral Configuration

The general configuration of & typical Cluster Astronomical Observatory (CAOS)

is shown in Fig. T7-26. ’//)//,/

81 ft

T
///,.;f{sw (Ref.)

Spacecraft

Retractable
Solar Arrays
(sun-orienting)

Fig. T-26 (Cluster Astronomical Observatory
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The basic spacecraft_is e derivation from the Standard Astronomical Observatory
Spacecraft (SAOS) described in par. T.4.2.2. The length of the spacecraft struc-
ture is increased by 2.5 £t to provide six more compartments for subsystem mod-

ules or for suxiliary experiment sensors.

b. Tracking Solar Array and Antennas

The solar array is larger than that of the SAOS to generate the higher average
power required. It tracks the sun similarly. Two tra.ckirig antennas a.re' in-
stalled rather than one, one on the sunlit side and one on the side opposite,

to provide continuous communication with the TDRS network regardless of satellite
attitude. The switéhing of signals from one antenna to the other is under con-

trol of the spacecraft computer.

c. Dual Experiment Mounts and Pointing Concept

Figure T-26 shows the CAOS with both an IST Experiment package and an HEAO ex-
periment capsule mounted thereon. The HEAO is supported by a two-degree of
freedbm yoke assembly which permits the HEAO sensors to be pointed to any point
in the celestial hemisphere opposite to the pointing direction of the ILST. The
IST is pointed to a target star, and then the Cluster is rolled about the IST
‘center line until the solar array is normal to the Cluster-sunline. This atti-
tude is held while the HEAO is rotated (gear driven) abéut-the IST pointing axis
and is tilted in its yoke until the desired HEAO pointing direction is attained.
The Cluster is then held in the fine-pointing mode under the control of the LST
fine attitude control system while IST and HEAO observations proceed simultan-
eously. 'Reconciliation of the pointing programs of the two observatories is
required, but that is a minor concession to make to attain the cost-savings

that clustering affords.

‘d. .On-0Orbit Assembly

The rotation ring assembly (for HEAO support yokes) is aftached to the space-
craft structure prior to its placement by the Shuttle into orbit (with the IST
attached). Docking cones and probes are installed on the face of the rotation

ring to accept mating probes and cones on the yoke assembly.
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The HEAO is mounted in the yoke assembly on the ground and electrical connec-
tions made between the yoke assembly and the HEAO; integral electrical wiring
on the yoke connects this interface with a spacecraft umbilical connector on
the base of the yoke. The assembly is launched by the Shuttle and docked with
the Spacecraft/IST (using Teleoperator, manipulator, or other orbit-assembly
assist) to form the Cluster. An umbilical, engaged automatically at the time
of docking the yoke assembly to the spacecraft, provides electrical connection

of the HEAO to the Spacecraft subsystems.

e. Alternate Cluster Arrangement

The CAOS is also capable of similarly supporting the LSO and LRO payloads sim-
ultaneously. The LRO is launched separately and is mounted on the yoke in lieu
of the HEAO. The Cluster is stabilized with the ISO pointed to the sun. 1In
order that the LRO may point to any point in the celestial sphere the base of
the yoke assembly must be modified to incorporate & hinge and actuation to pro-
vide approximately 90o of tilt about an axis parallel to the axis through the
LRO support pivots.

f. Iocation of Modules in Cluster Spacecraft

The locations of the standard modules in the CAOS are shown in Fig. 7-27. The
empty compartments identified may be used for the installation of auxiliary
sensor modules, designed to be compatible with the standard mechanical and elec-

trical interface provisions of the compartments.

T-42

LOCKHEED MISSILES & SPACE COMPANY



LMSC-D15u696
Volumg I

Module

Location Module Location
A-1 Secondary Sensing E-1 Empty
A-2 Empty E-2 Data Processing
A-3 Empty E-3 Power Distribution
A-L4 Empty E-L Empty :
A-5 K,-Band Communication E~5 S-Band /VHF Communication
B-1 Empty F-1 Primary Sensing
B-2 Battery Power | F-2 Battery Power
B-3 * |Reaction Torque F-3- Reaction Torque
B-4 Battery Power F-h Battery Power
B-5 Attitude Control F-5 Attitude Control
C-1 Empty G-1 Empty
C-2 Empty G-2 Empty
Cc-3 Solar Array Drive G-3 Solar Array Drive
c-4 Empty G-U Empty -
C-5 Empty G-5 Empty
D-1 Primary Sensing H-1. Empty
D-2 Battery Power H-2 Battery Power.
D-3 Reaction Torque H-3- Empty o h
D-4 Battery Power H-4 Battery Power. . ... .i.. -
D-5 Attitude Control H-5 Attitude Control .7 -]

Fig. T-27 Subsystem Module Locations - ' e
Cluster Astronomical Observatory Spacecraft ==
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T7.5.5.2 Cluster Earth Observatory Spacecraft.

a. General Configuration

The Cluster Earth Observatory Spacecraft (CEOS) shown in Fig.'7-28 is derived
from the Standard Earth Observatory Spacecraft (SEOS) described in par. T.4k.2.

Extendable/Retractable
Solar Array

N

\~ Ant
TDRS Tracking enna 118 Ft

Fig. 7T-28 Cluster Earth Observatory Spacecraft
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b. Extrapolation of Standard Spacecraft

The principal physical differences between CEOS and SEOS are summarized in the

following table:

Physical Characteristic Stgggard Céggter
Iength (ft) 20 , 30
Cross Section (ft) 6x 8 6x8 |
Subsystem Compartments 18 ' 27 ‘
Earth Viewing Surface (£t2) 160 2Lo
Weight (1bs) , ' 6240 10960
Flexible Solar Array Area (£t°) 416 1 1040

¢. Electrical Power

The large flexible solar array generates 2600 watts average, the highest esti-
mated power requirement of the CEOS. Eight EPS-6 standard Battery modules are
required to maintain the depth of discharge of the NiCd batteries at 15% or

less.

d. S&C and CDPI Subsystem Variants

Other minor increases in the subsystem module complement of the SEOS requiréd

to meet the requirements of the CEOS involve adding two modules:

e Module S&C-1 Precision Sensing

'@ Module CDPI-1 Ku Band Communication

e. Module lLocations and TInstallation

The locations of the standard modules for the Cluster Spacecraft. and a repré,_~

sentative set of experiments/sensors are shown in Fig. 7-29.
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Battery Power
Solar Power
Battery Power
Battery Power
Empty '
Attitude Control

Atmospheric Pollution Sensor
Upper Atmosphere Sounder

Volume I
Ioc Spacecraft Subsystem Module Loc Expériment/Sensor
A-1 | Attitude Control D-1 |Surface Composition Mapping
A-2 S-Band/VHF Communications Radiometer; Imaging Radiometer;
A-3 | Battery Power Radar Cloud Top Ranger
A-l4 | Battery Power D-2 | Passive Microwave Radiometer
A-5 | Solar Power (A = 0.81 cm)
A-6 | Battery Power D-3 | Synthetic Aperture Radar
A-T | Battery Power D-4 | Passive Microwave Radiometer
A-8 | Empty : (A = 2.81 cm)
A-9 | Attitude Control D-5 | Radar Altimeter; Temperature
R . Profile Radiometer
g'é gu'Ba“d Communications Multispectral TV Camera (2)
- mpty
B-3 | Data Processing E-1 | Empty
B-4 | Primary Sensing E-2 | Pasgsive Microwave Radiometer
B-5 | Secondary Sensing (A = 6.01 cm)
B-6 | Primary Sensing E-3 | Thematic Mapper
B-T7 | Power Distribution E-L | Cloud Physics Radiometer
B-8 | Empty Sea Surface Temperature
B-9 | Reaction Torque Radiometer; Passive Microwave
ST IR
C-2 | K -Band Communications
C-3 | Bittery Power (A =1.k0 cm)
oL E-5 | Ocean Scanning Spectrophotometer
C-5
c-6
C-7
c-8
€c-9

Fig. 7-29

Spacecraft Module and Experiment/Sensor Locations - CEOS
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Section 8
SHUTTLE INTERFACES AND SUPPORT EQUIPMENT FOR FUTURE PAYLOADS

For unmanned payloads, the Shuttle is intended to perform the functions of a
common carrier, providing delivery services to and from orbit. A wide variety
of cargo must be expeditiously handled, both on the ground and in flight; the
loading/unloading operations should not tie up the carrier's equipment any
longer than necessary. To accomplish this objective, it is necessary to pro-

vide well-planned interface equipment and operational methodology.

-This section offers a brief over-view of the impact of future low-cost or stan-
dardized payloads upon the Shuttle system. A complete dissertation on the pay-
load/Shuttle interface requirements is contained in a separate report, IMSC-

D154600, "Preliminary Shuttle/Payload Constraints Analysis."

8.1 General Payload/Shuttle Interfaces

The primary payload interfaces are with: (a) the Shuttle launch base facilities,
(b) the Orbiter cargo bay and support subsystems, (c) the Orbiter flight/cargo
crew, and (d) the tracking and data relay satellite (TDRS), and/or the ground

communications/data network.

The major physical interfaces between unmanned payloads and the Shuttle are:

(a) Adaptors or pallets or cradles

(b) Structural supports and latches

(¢c) Deployment Mechanisms

(d)- Manipulators/Retrieval Devices

(e) Hardline Umbilicals

(f) Payload Service Panels (Electrical, Fluid, Communications, etc.)
(g) Cargo Bay Doors

(nh) Payload Deployment Control & Monitor Panels

(i) Payload Test Set

8-1

LOCKHEED MISSILES & SPACE COMPANY



IMSC-D154696
Volume I

(§) Stowage Provisions for Payload Replacement Modules
(k) Access Provisions to Payloads (Airlock, Hatches, etc.)
(1) Lighting and Visual Access

(m) Purging, Cooling and Contamination Control Provisions

A matrix chart illustrating the interface equipment versus its general pa.yload

function is shown in Fig.8-1 .
The functions and locations of this equipment in the cargo bay must be specified
very early in the Shuttle program so that:

(1) compatibility can be planned and designed into each payload

(2) 1later costly redesigns of Shuttle to accommodate payloads can
be avoided :

FUNCTION
~ @«
> < = &
PAYLOAD INTERFACE EQUIPMENT g [£5 /5 32‘ 2/&
& Z &< & [ ~
[y N ~
(\)\U’ QE 1| o § ~ 5. & ;,,L_,J

02 [ & o/5/58 T /&

a3 (2§ 3Q N N S [ o

. S~/E /T [0 [
P/L CHECKOQUT SET e L]
£/L DISPLAY/CONTROL PANELS 3 L Y
P/L ADAPTERS/CRADLES L ®_ i e
P/L MANIPULATION/TELEOPERATORS | o ® ®
P/L DEPLOYMENT/RETRIEVAL ® °® ® ®
P/L SPARE MODULE RACK . ® ®
P/L UMBILICALS, SERVICE PANELS’ e | e °® ° * [ e
DOCKING EQUIPMENT ® ® ®

P/L CLOSURE/SHROUD L
CARGO CREW PROVISIONS L4 ° ®

Fig. 8-1 Types/Functions of Payload Interface Equipment
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8.2 Future Payload Interface Equipment Requirements

8:.2.1 On-Board Checkout

Based upon historical space hardware failure data, the lauhch/ascént phase of
operations is most likely to cause a fairly large portion of total payload equip-
ment failures. The Shuttle provides an opportunity, either in the transfer orbit
or the parking orbit, to assess survival of the launch/ascent phase by verifying
the functions of the payload before payload deployment. If a malfunction is
found, repairs can be made on orbit or the mission may be aborted and the pay-

load returned to earth.

The Shuttle data bus énd computer allocations to payload operations are probably
adequate for safety monitoring of the payload, but insufficient for checkout of
even onée complex payload. (This assumes that payloads may incorporate some de-
gree of built-in test equipment (BITE) but future cost-effective payloads can-
not afford the capability for complete self-checkout). Reprogramming the orbit-
er éomputer to checkout each different payload is considered to be impractical.
An alternative is to utilize a family of "standard" Payload Test Sets (PIS) that

‘can be used during the various phases of payload test and checkout:

(a) at the payload assembly plant for integrated system test,
(b) at the launch base for pre-installation checkout, and
(c) on board the Orbiter.

The Test Set can be. located either in the Shuttle cargo bay or in the crew area.
The associated controls and displays would be in the crew area. With a dedicated
computer, interchangeable program cassettes, and plug-in modules such & PTS could

handle multiple payloads and combinations such as a satellite/Tug/Teleoperator.

- The payload test set may also be used on revisit missions to verify ascent sur-
'vival of the spacecraft replacement modules and, after rendezvous and docking,
thé condition of the retrieved payload satellite as an aid in determing need

for repair and adjﬁstment.
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8.2.2 Deployment and Retrieval Devices

Deployment devices probably will be Shuttle-supplied, according to current
groundrules. Fixed-mounted manipulator arms or front bulkhead-mounted deploy-
ment mechanisms were initially considered for the baseline shuttle; & number of
other deployment/retrieval devices have since been proposed and are being stud-

ied. Among those is a free-flying remote-controlled Teleoperator.

8.2.3 Structural Supports in Cargo Bay

The deployment/retrieval mechanisms are not intended to provide the structural
support in the cargo bay for launch/ascent, orbit maneuvering, and entry/land-
ing conditions. Separate support and latch-down hardware must therefore be pro-
vided; structural adapters to span between payload and cargo bay structure must
be provided also. Additionally, if the payload itself requires a "strongback"
support, a cradle structure must be provided on which the payload can be mounted;

the cradle would be latched into the cargo bay structure.

8.2.4 Shuttle Flight/Cargo Crew Interfaces

Recent shuttle system descriptions have included, in addition to the baseline
Shuttle two-man flight crew, an additional two men to handle, service, and oper-
ate payloads, deployment deviées, manipulators and other payload interface
equipment. These cargo crewmen must be. provided with (1) visual and physical
access to the cargo bay, (2) the controls and visual aids required for docking
to payloads and space stations, and (3) controls for remote operation of mani-
pulators and Teleoperator. ‘They must also have the capability of IVA or EVA

to accomplish unscheduled inspections, adjustments, or repairs to payloads and
for emergencies. An airlock between the crew compartment and the cargo bay is

necessary for crew access to payloads.

8.3 Launch Base Interfaces with Future Payloads

8.3.1 Pre-Installation Operations

Payloads will be checked out and launch-ready before delivery to the Shuttle
Maintenance and Checkout Facility (MCF). Here they must be installed in payload
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adapters or cradles that interface with the load-carrying supports in the cargo
bay. Electrical, communications (including data), safety monitoring, and de-
ployment mechanism interfaces, EMTI qompatibility, and payload cg location
should be checked; this probably will require either a mockup or a fuhctional
simulator of the shuttle subsystems and equipment involved. The debloyment/
retrieval mechanisms and the payload test/checkout set (or simulators thereof)
should be included in the total assemblage of equipment used in payload pre-~

installation tests.

8.3.2 TInstallation of Payload into Cargo Bay

When the payload is installed in the Shuttle cargo bay safety monitoring umbil-
icals, electrical power/control/communication umbilicals, fluid services (fill,
dump, vent or pressurize -- as applicable), and deployment mechanisms/manipula-

tor must be connected, and their operability verified.

8.3.3 ILaunch Pad Equipment

Mosf unmanned payloads can be serviced in the MCF and checkout and status moni-
toring can be accompiished with the Shuttle én—Board Payload Test Set and the
Shuttle communications systems. Propulsibn stages using storable propellants
may be loaded before installatioh, but payloads and Tugs employing cryogenic
propellants require servicing on the launch pad, with the Shuttle in the ver-
ticai'posiﬁion. Provisions for purging and conditioning of the cargo bay on
£he launch pad by Shuttle ground ‘support systems are part of the baseline
Shuttle. '

‘8.h Shuttle Performance Requirements for Future Payloads

8.4.1 Future Payload Weights
"Bageline" payloads as provided in the Mission Model range from 220 to 9700 kg
(485 to 21,300 1b). Applying low-cost and refurbishable equipment payload
factors, the maximum is estimated to increase to 13,600 kg (30,000 1b) for

low inclination IEO payloads, to 3,600 kg (8,000 1b) for sun-synchronous (polar)
tEO'payloads placed without the use of Tugs, and to 2,250 kg (5,000 1b) for
Syneq orbit payloads.
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8.4.2 sShuttle Weight Capability for Payloads

. Revisit and refurbishment flights require maneuvering capability for rendezvous
and docking to LEO satellites. The following requirements for Shuttle per-
formance are the minimum which will be consistent with cost-effective payload

systems :

o 29,484 kg (65,000 1b) into & 93 x 185 km, 28,5° transfer orbit
with 457 m/s (1,500 fps) of AV '

o 18,144 kg (40,000 1b) into a 93 x 185 km, 90° transfer orbit,
with 335 m/s (1,100 fps) of AV

0-,Capability to provide supplemental AV at the expense of payload
weight (additional OMS tankage installed in cargo bay)

These requirements are limited to the baseline Shuttle capability; however,
were options available, additional capability for the SYneq orbit mission sup-

port would be desirable because:

a. Low-Cost Payloads for missions utilizing reusable L0, /LH Tugs are
weight-limited if sized for maximum round trip capability to Syneq
orbit.

b. Many IEO-mission payloads that are not individually weight-limited
or length limited can be combined on multi-mission Shuttle flights
to save transportation costs. »

c¢. Synchronous equatorial and planetary payloads require the use of
Tugs carried to LEO on the same Shuttle flight with the payload.
The current Shuttle performance limits the weight and size of Tug
that can be carried in addition to the payload.

8.4.3 Shuttle Volume Capability

a. Multiple revisits to large observatories in a common orbit plane will
require up to Tm (23 ft) of cargo bay length for supplemental OMS
propellants and support equipment (such as a Teleoperator) leaving
only 11.3m (37 ft) of length for mission payload.

b. Considering multiple payloads, including Tugs, Shuttle capability for

a full 4.5Tm (15 ft) diameter by 18.3m (60 ft) long clear volume for
payloads is required.
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8;5 Shuttle Subsysfem Support for Futuré Payloads

The Shuttle must supply to payloads mounted in the cargo bay a number of funC—
" tional services, included among these are: '

® Electrical Power

e Orbit Position (Ephemeris and Attitude Data)
(for updating payloed inertial reference)

e Communications Ground-Link
@ Fluid Vent and Dump Provisions

A separate analysis has been made comparihg.the curreﬁt baseline'Shuttle‘sub-
. system capability with the requirements of the various future payloads. In

general, the planned Shuttle has adequate capability.

Details of the analysis and quantification of the . requirements are containéd

in the aforementioned separate report, IMSC-D154600.
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